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PAPERS 


SIMPLIFIED METHOD OF DETERMINING TRUE 
BEARINGS OF A LINE 


By PHILIP L. INCH,? Assoc. M. Am. Soc. C. E. 


SYNopsIs 

A simplified method of computing a direct observation of the sun, for 
azimuth, is offered in this paper. It involves reference to a comprehensive 
table specially prepared for this purpose. The objects of the table are: 

(1) To place the determination of a meridian within the attainment of 
engineers, unprepared, by reason of the pressure of their usual work; 

(2) To obviate textbook reference, at the time a meridian is necessary; 

(3) To displace the inaccuracy of compass meridians in field conditions 
where the compass is affected by local attraction; 

(4) To reduce the time necessaary to compute a direct solar observation; 
and 

(5) To reduce trigonometric formulas to simple arithmetic. 


THEORY 


Problems involving the determinations of true bearings may be solved by 
applying the formula,’ 


sin 6 


Come ean tale Osten acs nee bay oma) 
cos h cos 0 
in which Z = the azimuth of the sun; 8 = the sun’s declination; h = its 
altitude; and ¢ = the latitude of the point of observation. Let gael OL a A; 
cos h cos 6 
and, tan h tan ¢ = B; then, Equation (1) becomes, simply, 
Bh CALITO ee ee 


Nore—Discussion on this paper will be closed in December, 1936, Proceedings. 
21U. S. Surveyor, Helena, Mont. 


2 “Surveying eed and Practise’. by R. E. Davis, oe ee Foote, and W. H. Rayner, 
Members, Am. Soc. C. E., McGraw-Hill Book Co., 1928, p. 
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(Fig. 1): (1) Set the transit firmly at Point ¥,; (2) 
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The writer has developed a complete table, of which Table 1 is a very con- 
densed form, intended only for the solution of the illustrative example in the 
paper. By full discussion it is hoped to establish the most desirable form for 


‘the complete tables, with the possibility (only tentative) of including such 


revised tables, in their most convenient form, as an Appendix to the closing 
discussion. _ 


Fietp PRocEDURE 


The field party will need a transit with a full vertical circle; an ephemeris 
of the sun (obtainable from the Superintendent of Public Documents, ‘United 
States Printing Office, or from most dealers in engineering instruments), a 
table of sines and cosines, and the latitude of the point of observation, as 
scaled from an accurate map. - 

Example ‘1.—To find the true bearing of Line XY 


set the horizontal graduated plates at 0°; (3) level the 
instrument with extreme care; (4) sight on Point Y; 
(5) clamp the lower plate; and (6) loosen the upper 
plate. Using a solar prism or colored glass as a sun- 
shade on the telescope, place the vertical and center 
horizontal . eross-hairs, tangent, respectively, to the 
right and lower limbs, of the sun as shown in Fig. 2(a). 
The observations are recorded as shown in Table 2, Fie .f. 
Item No. 1. Reverge the instrument, place the vertical 
and center horizontal. cross-hairs tangent 
i ‘to the sun’s left and lower limbs, respec- 
ES at glean ( ) tively, and, as before, record the time, the 
vertical angle, and the horizontal angle, as 
shown in Table 2, Item No. 2. The mean of 
the recorded quantities (Item No. 3, Table 
__ 2) gives the time when the center of the 
nian} of the sun has a certain elevation above 
the earth’s horizon and is at a certain 
Fic. 2." horizontal angular distance from Line XY. 


(0) TELESCOPE REVERSED - 


TABLE 2.-—Recorp or OBSERVATIONS 


(Place: Washington, D. C.; Latitude: 38° 53’ 40” N; Eastern Time Belt; 
Date: March 18, 1910 (P.M.); and Point Y (Fig. 1) to the Left of the Sun.) 


lee oe onto Time Vertical angle Horizontal angle 
1... |' Direct $ 3 hr 53 min 05 Bed: | 25° 20’ 00” 65° 00’ 00” 
2.....| Reversed, 3 hr 54 min 55 sec 25° 31’ 00” 64° 45’ 00” 


3..7..|,Mean 3 hr 54 min 00 sec 25° 25’ 30” 64° 52’ 30’ 
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Concisely, the computations may be arranged as follows: 


Substitution Factors = A B 
he cael WAAC Rees a See Table sa 1.39989 ; 0.36378 
+h= 0° 957 30 : 495 = 251 x 19.4 712 = 254 x 27.9 
1} = 0° 53 40". ........... + 1750 = 53% X 32.6 | 1186 = 58% x 22.1 
EN Otall seen... earns atoeee 0.38276 
sin 6 = <x 0.01811 a aiatareus 
A sin 8 a 03025759 sue eee eens werdan 
Natural cosine, bearing of 
the sun. : 0.38276 — 0.02576 = 0.40852 


Bearing of ‘the s1 sun. pie ea S 65° 53’ 18” W 
Horizontal angle (see Table 2) = 64° 52’ 30” 


Bearing of Line XY oe 

Vig. 2).. S 1° 00 48” W 

The Ahern pene may be further explained as follows: From 
Table 1 select the values of A and B corresponding to the even degree of 
vertical angle and latitude, refining both for the additional minutes. Since 
the altitude used for computing Table 1 is obtained by applying the average 
refraction correction for the corresponding vertical angle, the computer is 
relieved of the necessity of applying the refraction correction and the parallax. 

The ephemeris gives the declination of the sun, either north or south, at 
noon in Greenwich, England, and also gives an hourly change, which is either 
additive or subtractive. This declination at noon is the declination of the 
sun at: 


l| 


7:00 A.M. within the Eastern Time Belt 
6:00 A.M. within the Central Time Belt 
5:00 A.M. within the Mountain Time Belt 
4:00 A.M. within the Pacific Time Belt 
Thus, in Example 1, the sun’s declination, 8, is found to be 1° 02’ 16” S; 
and the natural sine of 6 = 0.01811. Multiply Factor A by 8 to obtain 
0.02576, and this value, added to B = 0.88276, yields 0.40852, which is the 
natural cosine of the bearing of the sun. If the declination of the sun is 
north, subtract A sin 6 and B, the smaller from the larger. If A sin 8 is the 1 
larger, the bearing of the sun will be from the north (as, northeast and north- 
west); and, if B is the larger, the bearing of the sun is from the south (as, — 
southeast and southwest). If the declination, 8, is south, add A sin 8 and B, 
and the bearing of the sun is from the south (as, southeast and southwest). 
Finally, to the bearing of the sun, apply the horizontal angle to obtain the 
bearing of Line XY, S 1° 00’ 48” W, allowing a probable error of 1’. 


ConcLUSION 
The writer disclaims all intention of introducing a “new method” to the 
Engineering Profession; his intention is simply to reduce to the commonest 
wording the intellectual niceties of an astronomical observation. The method 
of observation described herein is an old one; yet arranged more nearly in 
keeping with the elementary design of the paper. Any suggestions for the 


improvement of Table 1, compatible with its intent and purpose, will be 
appreciated. 
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ANALYSIS OF CONTINUOUS FRAMES BY 
BALANCING ANGLE CHANGES 


By L. E. GRINTER?!, Assoc. M. Am. Soc. C. E. 


SyYNopsis 

The interest that has been shown by the profession in the method of 
balancing fixed-end moments (introduced by Hardy Cross, M. Am. Soe. C. K.’) 
as an alternative to the classic methods of analyzing continuous frames, has 
suggested the publication of a second alternative process based upon the con- 
ception of balancing angle changes to obtain joint rotations. The procedure 
of balancing angle changes is shown to parallel the procedure used in balanc- 
ing and distributing fixed-end moments. No claim is made that the suggested 
method surpasses the method of moment distribution either in simplicity or 
in a reduction of time consumed by the analysis. In fact, it will take some- 
what longer to arrive at the final end moments. However, the additional time 
consumed may be far more than equally repaid by the fact that the method is 
practically self-checking. Furthermore, upon completion of the analysis, one 
has at hand all necessary data for sketching, rapidly and accurately, the 
deflected structure, a procedure that experience has proved to be a most valu- 
able tool both in analysis and in design. The method of balancing angle 
changes is particularly useful for studying secondary stresses in trusses 
and for investigating the effect of elastic distortion or of slip in the riveted 
or welded connections of a continuous steel frame. Approximate influence 
lines for live load studies can be obtained very rapidly thereby. The pro- 
cedure of balancing angle changes is susceptible to expression in many forms. 
It is thought, however, that discussion will be used primarily for presenting 


evidence tending to test the theory proposed herein. 


INTRODUCTION 
Slope and Deflection —The method of balancing angle changes should 
appeal to engineers who are most familiar with the slope-deflection equations 


Nory.—Discussion on this paper will be closed in December, 1936, Proceedings. 
1 Prof. of Structural Eng., Agricultural and Mechanical Coll. of Texas, College Station, 


Tex. 
2 Transactions, Am. Soc. C. E., Vol. 96 (1982), p. 1. 
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because it makes use of the same physical variables of end slope, joint rotation, 
and relative deflection, at the same time possessing the other advantages 
which are so apparent in the method of moment distribution. There are other 
published methods’ in which joint rotations have been obtained by series con- 
vergence, but these: methods seem to involve relatively tedious procedures. 
The present method was developed by the writer in 1927. A few of the many 
special applications, that have , been found useful will be presented herein, 
but the basic method is essentially in its original form. 

The well-known slope-deflection equations make it possible for one to 
- compute the end moments in any unloaded member of a continuous frame 
from known values of end slopes and relative end deflections. If the mem- 
ber is loaded, the slope-deflection moments become the changes in the end 
moments from an originally fixed-end condition. Hence, the analysis of a 
continuous frame can be made upon the basis of a treatment in which joint 
rotations and relative deflections are chosen as the redundants. Many advan- 
tages have been claimed for the use of these functions as the redundants, 
most of which have not been justified by experience, but there is one which 
can not be disputed. Joint rotations and deflections are the equivalents of 
the physical action of the structure and the emphasis of these factors lends 
a desirable pictorial clearness to the method, provided this picture is not 
obscured by the mechanical details of the procedure. | 

Successive Rotation—The method of balancing fixed-end moments starts 
with all members restrained against end rotation. The alternative procedure 
to be developed will start with all horizontal members acting as simply sup- 
ported beams :and all columns as pin-ended. Then, by successively balancing 
the angle changes at the joints until continuity is fully restored, one will 
obtain values of the true joint rotations from which the deflected structure 
ean be sketched and the joint moments determined. Naturally, joint trans- 
lation will complicate the analysis somewhat. ‘The discussion that follows 
will present the method for use in continuous-beam analyses, after which 
its application to frames in which the joints translate will be ‘considered 
briefly. A thorough understanding of a previous paper by the writer‘, will 
assist the reader in his interpretation of this paper. 


{ 


Derinition or TERMS 


A few new terms will be needed and for clearness they will be defined at 
once: 


(1) By “angle change” (¢-value) will be meant the change in slope pro- 
duced at the end of a member either by the loads or by an applied end 
moment; for example, certain easily determinable “angle changes” ¢, occur 
at the ends of a simple beam when it is loaded. Be: 


a 
s«“Wind Stresses by Slope-Deflection and Converging A i vd 
berg, Jun, Am. Soc. C. E., Transactions, Am. Soc. c om Vol. 90 (1984) 4 J962 ea 
Rigid Frame Analysis by the Criterion Series of Converging Angular Approximatior ” 
by S. M. Cotten, M. Am. Soe. C. EH. (Mimeographed notes under date of 1930.) eal 


“Wind Stress Analysi i ” i A 
Vol. 99 (1934), p. 610. Simplified”, by L. H. Grinter, Transactions, Am, Soc. C. B., 
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~ (2) By “joint rotation” (6-value) is meant the angular twist of a joint 
in a loaded frame when absolute continuity exists between all members 
meeting at the joint. 

(3) By “joint rotation factor” is meant the ratio between the joint rota- 
tion and the angle change existing at the end of a connecting member when 
the angular discontinuity between that member and the joint is removed by 
applied moments. It is assumed that’ the far ends of all members are pin- 
connected when the joint rotation factor is computed. Evidently, there is a 
joint rotation factor associated with each member meeting at a joint. 

(4) By “carry-over factor” is meant the angle change at the far end of a 
simply supported or pin-ended member when the.near end is rotated through 
an angle change of unity. ) 


ProcepurE or BaLaANcingc ANGLE CHANGES 


The condensed statement of the procedure of balancing angle changes that 
follows will be helpful to the reader, and must clarify itself, if it is used 
for continual reference while the illustrative examples are being studied. 

Angle Change and Joint Rotation—With all joints of the frame held 
fixed against all possible translations and with the ends of all members either 
simply supported or pin-connected, one “permits” the members to deflect 
under the loads and computes the values of the end angle changes. Any joint 
is selected and the end’angle change existing at that joint in one of its 
members: is eliminated by twisting that particular member and the joint 
in ‘opposite directions until continuity is restored. The recorded value of 
the joint rotation is the angle change that existed at the end of the member 
selected, after being multiplied by the joint rotation factor for that 


member. 


i ‘ 
Carry-Over Angles—All members meeting at this joint have now been 
rotated through determinable end angles. The end angular rotation is the 


joint rotation for all members other than the one operated upon. For that 


particular member, the end angular rotation is the difference between the joint 
rotation and the end angle change caused by the loads. Since all these members 
were considered to be simply supported at their far ends, one must record an 
angle change (not a joint rotation) at the far end of each member equal to 
the angular rotation at the near end, when multiplied by the carry-over 
factor. Then, one proceeds from member to member and from joint to joint 
balancing the angles at each joint as many times as necessary, which means 
to continue the procedure until the carry-over angles are negligibly small. 
Continuity has then been established. Under normal conditions, it will be 
necessary to balance each joint from three to four times. 


SmrpLe Beam ANGLE CHANGES 


The starting point in the analysis is to obtain the angle changes or the 
slopes at the ends of the loaded spans. This problem-is solved in all text- 
books on the strength of materials. For rapid calculation. one should use the 
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conjugate-beam method’. It scarcely seems necessary to present this treat- 
ment and instead the angle changes are given for a few simple cases in Fig. 1. 
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Fig. 1.—ENp ANGLE CHANGES FOR SIMPLE BEAMS. 


Jomnt Roration AND Carry-Over Factors 


Stiffness of Joint and Member—The stiffness of a beam may be defined 
as the end moment necessary to produce a unit end rotation and, therefore, 


it is proportional to the ratio, = , which is commonly designated as K. If an 


angle change, ¢., occurring at the end of a member which frames into a 
joint, is to be eliminated and continuity is to be restored by twisting the 
member and the joint in opposite directions (by equal end moments), it is 
apparent from the definition of stiffness that the joint must be rotated through 


an angle, 6:, equal to the angle, ¢,, times the stiffness ratio, we. Here, as 


elsewhere, K, is the stiffness factor for the member having the end slope, qu, 
and 3K is the sum of the stiffness factors for all members meeting at the 


joint. Hence, Ky 


is the “joint rotation factor” for Member No. 1 at 


the joint under consideration. In this paper, the far ends of all members 
are considered to be pin-connected or simply supported. 

Usual Carry-Over Factor—From Fig. 1 it is observed that the end angle 
changes in a simple beam loaded with a single end moment are in the ratio 
of 2 to 1. This represents the condition of a member when one end is being 
rotated into continuity. Hence, the carry-over factor for angle change is 0.5 
whenever the member is prismatic or of uniform section. 


5 Transactions, Am. Soc. C. E., Vol. 98 (1927), p. 1: 


‘ 
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Sian ConvENTION 


The simplest and most obvious sign convention is to call clockwise rota- 
tion positive. It follows that the end angle changes in a simply supported 
beam with downward loads will always be positive at the left and negative at 
the right. Furthermore, the same signs of angle changes apply for the case 
of a simple beam with a clockwise moment applied to the left end, as shown 
in Fig. 1(d). Accordingly, it follows that the carry-over factor for angle 
change is of negative sign, namely, — 0.5. 

The sign of a joint rotation, 0, necessarily is the same as that of the end 
angle change, ¢, which produces it. Note, however, that the end of the mem- 
ber being operated upon rotates in the opposite direction through an angle, 
6 — ¢, which determines both the value and the sign of the carry-over angle 
to the far end of this member. All of the carry-over angles to the far 
ends of the other members meeting at the joint are simply —0.5 @. 


ILLUSTRATIVE EXAMPLE 


The Frame.—Fig. 2 shows the application of the method of balancing 
angle changes to a continuous frame with prismatic members when all joints 


2000 Lb 
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30.7% | 23.1% 


Fic. 2.:—BALANCING ANGLE CHANGES FOR Continuous FRAMD. (* = RELATIVE SIMPLE 
) Bram ANGLE CHANGES IN LOADED SPANS; @ - VALUES.) 


are fixed against translation. This academic example was chosen to illustrate, 
quite simply, the general procedure. Fig. 2(a) shows the loaded frame and 
gives the properties of the members. The end angle changes of the loaded 
spans, when the joints are pin-connected, are marked with an asterisk in 
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Fig. 2(b) which further illustrates the balancing of these angle changes to 
obtain the joint rotations. The end angle changes in Span BD are those of a 
simple beam carrying a uniform vertical load. The angle changes in the 
span, DF, are the resultant end slopes of the simple beam with a concentrated 
center load of 1000 lb and an applied moment at the right-hand end of 
20 000 ft-lb. From these joint rotations, the deflected structure can be sketched 
and the end moments calculated by use of the standard slope-deflection equa- 
tions. Only the balancing of angle changes to obtain joint rotations will be dis- 
cussed, since the remainder of the procedure should be clear to any one who is 
familiar with the ordinary theories of indeterminate structures. 

Balancing the Angle Changes.—The balancing procedure was started 
(Fig. 2(b)) at Joint B, although any other unbalanced joint might have been 
selected. The angle change of + 104 at End B of Member BD produced a 
joint rotation of 66.7% of + 104 or + 69.. This is simply the angle change 


times the joint rotation factor, or ( K, ): Joint rotation factors 
=K 


(-vatues) are expressed as percentage factors and enclosed in boxes at 


the joints for convenient reference. End B of Member BA has been rotated 
through an angle of + 69 which gives rise to a carry-over angle of — 34 to 
Joint A. The carry-over factor is — 0.5 and only whole numbers are recorded 
in this example. End B of Member BD has been rotated backward from 
+ 104 to + 69, or through an angle of — 85. The carry-over angle is + 17 
to End D. 

Two angle changes occur at Joint D which was selected as the second 
joint to be balanced; that is, — 41 in Member DF and — 87 in Member DB 
obtained as the algebraic sum of — 104 and + 17. The joint rotation is 
23.1% of — 41 plus 30.7% of — 87, or a total of — 36.’ The carry-over angle 
to E, therefore, is + 18. End D of Member DF has rotated positively from 
— 41 to — 36, or through an angle of + 5 which produces a carry-over 
angle of — 2 to End F. End D of Member, DB has rotated positively from 
— 87 to — 36, or through an angle of + 51. The carry-over angle to B is — 25. 
There is no carry-over angle to End C of Member DC which is a fixed 
end. To allow for the added resistance of this member to end rotation at D, 
its K-value or stiffness factor was increased 884% when joint rotation factors 

were being determined. One will observe 
ce hy | simpte this relationship from Fig. 3. 
ae sot The Cankil ird oi 
aie ape rf ee e Cantilever End.—The third joint 
1-361 2 selected for balancing was F, where ‘the 


rere ¥ 2M Fed entire resistance to rotation. occurs in 
tee eed fe Member FD which has a joint rotation 

2 FEI factor of 100 per cent. Hence, each value 
of ¢ is simply recorded as a joint rotation, 6, 
and there is no carry-over angle to Joint D. 
In other words, there is no external resistance to rotation at Joint F which 


means that it can be treated like Joints A and EF where there is no distinction 


Fic. 3.—EFrect oF END RESTRAINT 
Upon STIFFNESS, 


i 
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~ made between values of ¢ and 6. The fourth and fifth joints balanced were 
B and D which involved merely a repetition of the procedure that has 
already been described. The repetition was necessary in order to balance out 
the carry-over angles mentioned previously. 


Accuracy IN Batanorina ANGLES 


In Fig. 2 the balancing process was stopped when the carry-over angles 
became less than unity. This is the proper procedure. Greater accuracy 
could be obtained if desired by introducing an extra significant figure into 
the original angle changes or ¢-values. A device frequently found useful is 
to double or triple the first three significant figures of the original o-values 
and then balance joints until the carry-over angles are less than unity. This 
device can be used to improve the accuracy of the analysis without adding a 
fourth significant figure to the original ¢-values. Of course, the final joint 
rotations mus$ be reduced in the same ratio that the original angle changes | 
were increased. Accuracy was sacrificed for clearness in Fig. 2. 


Queckine THE Finan Moments 

The simplest procedure for checking the analysis is to apply the equation 
>M = 0 to each joint after final moments are determined from the 6-values 
by use of the slope-deflection equations. Since the balancing is performed 
on angles rather than moments and since fixed-end moments are intro- 
duced through the slope-deflection equations, any error in. the compu- 
tation of an original angle change, in the balancing procedure, or in the, 
application of the slope-deflection equations will be detected by this simple 
check. Of course, compensating errors might occur, but this slight possi- 
bility for error exists in all methods. A sketch of the deflected structure will 
help to locate such unusual errors. 


Haunouep Beams anp OCurvep Mempers 
Basic Terms Redefined—A variation’ of cross-section or a curved axis 
affects the resistance of a member to end rotation and makes necessary a care- 
ful calculation of end angle changes, joint rotation factors, and carry-over 
factors. End angle changes can be computed conveniently by use of the con- 
jugate-beam method. Since the possible variations of loading are infinite, 
it would be unreasonable to attempt to formularize this procedure. Joint 
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Fic. 4.—STIFFNESS OF A Fic. 5.—SETTLEMENT OF A Fig. 6.—ROTATION OF 
. HAUNCHED BAM. SUPPORT. A FOOTING. 


rotation factors and carry-over factors can be obtained quite. simply from 
the angle changes that occur at the ends of the simply supported beam loaded 
with a unit moment at one end (see Fig. 4). The carry-over factor for angle 


1002 BALANCING ANGLE CHANGES Papers 


change from Point A to Point B is bp and has a negative sign as in a pris- 
A 
matic beam. Stiffness is defined rigorously as the moment necessary to pro- 
¥ ; oe 
duce a unit end rotation, and evidently is 3 . The factor, K, has been used 
A 


L 


for prismatic beams to define relative stiffness. Hence, since $4 = ——— 


3 HI 


= — , or since pis = 8 EK for such a beam, it is permissible and 
38 HE K ba 


possibly desirable to omit the factor, 3H, in making calculations for a 


1 for the haunched 


haunched beam. Accordingly, one can define K as 
; < 
beam and then the definition for the joint rotation factor remains unchanged 


as + . Curved members can be handled by this procedure without re-defin- 


ing any terms. The carry-over factor for angle change may reverse its sign 
for an arched member. 


SETTLEMENT oF Supports AND OTueER Impressep Distortions 


The effect of a settling support is readily introduced into the calculations. 
Fig. 5 makes it apparent that a settlement of A at Support C is represented 


by angle changes of ¢.°= + at the two ends of Span BC and ¢, = — Es 


L, L, 
at each end of Span CD. One balances these angle changes and computes 
the moments in exactly the same manner as for angle changes produced by 
loads. There are no fixed-end moments to be considered when applying the 
slope-deflection equations. Temperature change of a continuous frame gives 
rise to linear distortions represented by end angle changes in a similar 
manner. The unplanned rotation of a footing could be represented by two 
angle changes, as shown in Fig. 6. 


INFLUENCE Lines ror Continvous Brams 


The Deflected Load Line.—The process of balancing angle changes offers 
a highly pictorial method of determining influence lines for continuous beams. 
It is well known that the influence line for any function, such as moment or 
shear, can be obtained as the deflected load line produced by an impressed unit 
distortion in the nature of the stress function; that is, a unit rotation must 
be impressed upon the structure to obtain an influence line for moment and 
a unit shearing distortion must be used to obtain an influence line for shear. 
The corresponding end angle changes are illustrated in Fig. 7. Fig. 7(a) 
shows the angle changes that will give rise to an influence line for M,, the 
moment over Support C. In balancing angles, one maintains the discon- 
tinuity, @ = 1, at Joint C by balancing only carry-over angles at Joint C. 


a 
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An influence line for moment between supports of a continuous beam 
would be obtained as illustrated by Fig. 7(b). In this case the end angle 


b 
changes, ¢. = — and ¢, = + , must be balanced out and the 
a+b a-+.b 
A B ‘é D E 
i =+1 ar 
(a) MOMENT AT SUPPORT C 


poe 


(d) SHEAR AT END C OF SPAN CD 


Fig. 7.—ANGLE CHANGES FOR PRODUCING INELUENCE LINES ror 
A CONTINUOUS BEAM 


internal, unit, angular discontinuity will be maintained automatically by 
the standard procedure of balancing angles. Similar configurations for obtain- 
ing influence lines for shear between supports and at a support, are illustrated 
by Fig. 7(c) and Fig. 7(d). Observe that there are no angular discontinuities 
to be removed at the sections of vertical displacement. 

Approximate Influence Lines.—The procedure, as described for continuous 
beams, is quite as applicable to all types of continuous frames in which joints 
do not translate. Hence, the method may be particularly useful as a tool for 
sketching an influence line rapidly and for obtaining the approximate load 
divides; that is, balance the angle changes shown in Fig. 7 without making 
any attempt at great accuracy, and then, from the approximate values of the 
joint rotations, sketch the shape of the deflected structure, which is the influ- 
ence line desired. Approximate influence lines are frequently quite as useful 
as exact ones. However, the exact influence lines can also be obtained rapidly 
by this method. 


Tur PropieM or Joint TRANSLATION 


Known or Estimated Deflections—Rigid frame structures usually have 
certain joints that are free to translate as permitted by the elastic distortions 
of the structure. Evidently, the analysis of such a structure would be simpli- 
fied by a previous knowledge of the deflections. From the known deflections, 


1004 BALANCING ANGLE CHANGES Papers 


it would be possible to write a corresponding set of angle changes, balance 
these angle changes to obtain the joint rotations, and then compute the corre- 
sponding end moments. When exact deflections cannot be known beforehand, 


it usually is possible to estimate the deflections approximately and to base: 


the analysis upon them, later introducing correction factors if necessary. The 
procedure of basing an analysis upon estimated deflections has been presented 
by the writer in a paper on wind stress analysis.* 

Successive Distortion.—If deflections cannot be estimated with sufficient 
accuracy, one can always revert to the device of obtaining the shears in all 
stories or panels from an applied distortion (represented by equal end angle 
changes) produced, successively, in each story or panel. Then, by combining 
these configurations to produce the desired shears, one has obtained the true 
deflected structure and the corresponding moments are precise. This process 
is more exact and consumes more time than is justified in wind stress analysis, 
but it is useful in the study of open web trusses where it furnishes the data 
required for a study of partial live loadings. 


Srconpary Stress ANALYSIS 


Bar Rotations—The analysis of secondary stresses in bridge trusses forms 
a perfect illustration of the use of predetermined deflections for computing 
indeterminate moments. Since the deflections are produced primarily by the 
changes in lengths of the truss members and only to a slight extent by 
the secondary moments, they are readily calculable. However, only the bar 
rotations are needed to start the balancing process and these can be obtained 
without the formality of drawing a Williot-Mohr diagram. The angle 
changes of the triangles of a truss can be expressed by the following relations 
which were derived by the late Milo S. Ketchum, Hon. M. Am. Soe. 'C. E., 
in his book entitled “Steel Mill Buildings”: 


E(A A) = (8c — sap) Cot B= (Sea — sre) cot CO. 22.2 2.5. CY) 

H(A B) = (Sca a Sbe) cot Gi — (sap I Sea) cot Ale ee roe Coe 
and, 

E(A @)'= (san — Sea) cot A — (Ste — Sab)):COb fd once wipe bide (3) 


In Equations (1), (2), and (3), AA represents the change in Angle A caused 
by the stresses, sap, Sca, and Spe, in the correspondingly lettered bars of, the 
truss of Fig. 8. Accordingly, if it is assumed that Bar a-c remains hori- 


j fe P i zontal, A.A becomes the rotation of Bar 

; a-b, Similarly, Bar b-c rotates through 
MON NOS an angle, AA + AB, Bar b-d rotates 
: ; : 2 i through an angle, AA +A B—AD, ete. 


Fic. ScraAe Ror stionp on Suconpary These bar rotations are relative tu a zero 

' rotation for Bar a-c,. The true rota- 

tions relative to a line through the supports, or a-i, are obtained by subtracting 
from each bar rotation relative to Bar a-c the true rotation of Bar a-c, which, 


. —omaeld 
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for Fig. 8, can be shown to be the average relative bar rotation for all lower 
chord members. : 

Secondary Moments.—Bar rotations are treated as end angle changes and 
balanced by’ the usual procedure to obtain joint rotations. Then, the secon- 
dary moments follow from the slope-deflection equation, 


Map = DEK (2 04 + A» = HTD, Nepean atinesk (1) 
in which @ represents a joint rotation and p is the bar rotation. 


Bent ANALYSIS 


Shear Adjustment by Proportion.—A simple bent will be used to illustrate 
the general method of adjusting shears by proportion. Such a bent is charac- 
terized by having a single degree of lateral freedom — its side lurch. Hence, 
if moments and shears are known for any given side-sway, those corresponding 
to any other side-sway can be obtained by multiplying the known moments 
and shears by the ratio of lateral deflections. It follows that the balancing 
procedure can be started by imposing upon the bent an unresisted side lurch 
represented by equal angle changes at the top and bottom of each column. 
Then, by balancing angle changes, one obtains the joint rotations from 
which the column shears, Vz, are determined by the relation: 


6HK 


Ve RO Ont = 2 GIS oS, o dels Guat sepeenotione AD 


( 


The ratio of actual horizontal shear to total calculated horizontal shear is then 
to be used as a multiplication factor for adjusting lateral deflection, joint 
rotations, and column and girder moments. The “actual” horizontal shear 
may be caused by lateral loads or by an artificial restraint introduced through 
the balancing process when one is studying the effect of dissymmetry. 


Awnatysis Invotyvine Joint Suip 


Riveted connections undergo elastic distortion and slip, both of which 
permit angular discontinuities to occur at the joints. For the purpose of 
outlining a method of analysis, it is unnecessary to distinguish between 
elastic and plastic joint deformation, although it is evident that these effects 
would have to be isolated and studied separately to investigate the action of 
moving loads. 

Balancing Moments and Angles.—Test data on joint slip are available in 
a paper’ by J. Charles Rathbun, M. Am. Soc. OC. E. The cases to be dis- 
cussed will be chosen so that these data are applicable. The method of 
analysis given herein will involve the double conception of balancing moments 
and balancing angle changes. The procedure can be developed entirely in 
terms of balancing moments, but the combination suggested herein has 
the advantage of permitting the use of standard stiffness factors and the 
unchanged carry-over factor of 0.5 for a prismatic member. The method 


6 Proceedings, Am. Soc. C, B., January, 1935, p. 3. 
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of balancing angle changes can also be used without the aid of balancing 
moments but less advantageously. 

Continuous Beams with One Elastic Connection—The first example pre- 
sented (Fig. 9) is one solved by Professor Rathbun’. Joint B is assumed to 


Stiffness Factors or K-Values 3.32 1.80 1.80 
Percentages for Moment 58% 42% 57% 43% 
Distribution A . B -C ~~ D 
Fixed-End Moments (In.-Lb Divided by 1000) 31.0 eee +10.0 —10.0} +15.0 
Balancing Moments +29.0| +21.0 +10.5 
Correction for Joint Slip When Mp = ae =i) 5:5 “a Ee ae Me 
Balancing Moments —6ls! ; 
+'0.6)| +: 0:5 
First Total —17.9| +17.9 —10.3} +10.3 
Second Correction for Joint Slip 
When Mgis Revised to 16.7 =='0.2i 50,2 
Balancing Moments 074 
ia the + 0.1}/+ 0.1 
Final Total —17.0| +17.0 —10.6| +10.6 
(a) BALANCING MOMENTS WITH CORRECTIONS OBTAINED FROM (6) 
A B Cc D 
Joint Rotation Factors 65% 35% 50% 50% 
if , i 4 
End Angle Changes x 107 —1070 +740 
+ 92 —370 
ah, — 30 
—32 
—2 
Joint Rotations x 107 —34 
End Slopes in Radians +0.000055 —0.000110 +0.000071 —0.000020 —0.000020 +0.000010 
End Moments in In, Lb +32900 —13200 —3300 +3300 


(6) BALANCING ANGLE CHANGES TO OBTAIN JOINT ROTATIONS 
Tig. 9.—ANALYSIS OF CONTINUOUS BEAM WITH ELASTIC CONNECTION AT JOINT B. 


be an elastic connection having a modulus of rotation of 4.2 x 10° in-lb per 
unit (radian) rotation in Span BC and 2.9 xX 10° in-lb per unit rotation in 
Span BA. 

Fixed-end moments are computed and the moments at Joint B are balanced 
once to obtain the first approximation of 31000 in-lb for M,. This moment 
will be reduced considerably by joint deformation and as a starting point 
it was assumed that the final moment at Joint B would be reduced 50%, to 
15500 in-lb. The moment at Joint B gives rise to angle changes from joint 


deformation of dj, = ie Ne 0.000107; and, ¢3, = 31 000 


290 000 000 420 000 000 

= 0.000074. These angle changes must be maintained as angular discontinui- 
ties and, accordingly, they are not balanced. Nevertheless, there is a carry- | 
over angle of —0.5 zc to Joint CO which is to be balanced as in previous 
examples. (See Fig. 9(b).) 1 

End moments are calculated from end rotations by the slope-deflection 

equations and are introduced as fixed-end moments. Joint moments are then 

completely balanced, and the joint moment at B is found to be 17900 in-lb 


7 Proceedings, Am. Soc, C, E., January, 1935, p. 40, Fig. 33, 
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as compared to the estimated moment of 15500 in-lb. The true moment lies 
between these values and was then estimated at 16700 in-lb. Correction 
moments can be obtained in this simple example by proportion since there is 
only one elastic joint in the structure. The revised value of M, is 17000 in-lb, 
which is close enough to the assumed value‘of 16 700 in-lb to make a further 
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(b) BALANCING MOMENTS WITH CORRECTIONS FROM (ec) 
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(c) BALANCING ANGLE CHANGES 6, 6 
TO OBTAIN JOINT ROTATIONS +0.00003 * —0.000050* 
—0.00001t —0.000002 t 


+0.00045* —0:00030* 
+0.00015 —0.00022 
=0.00008 +0.00002 
—0.00002 + +0.00002t +.0.00003 + 


—0.000015 —0,.00001 
—0.000004 


—0.00045* +0.00095 


+0.00006 t 
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Fie. 10.—ANALYSIS OF A FRAME WHERE JOINT SLIP IS INVOLVED. (* CORRECTIONS 


ror JoInT Stip Are BASED oN ASSUMED Moments or:—Mg, =Mg¢ = 
+150 IncH-Kips; Mpg =— 600 INcH-Krps; AND Mcp =1100 ANCECISXES. 
+ REVISION OF CORRECTIONS FOR Joint S~IpP WHEN :—Mpy —=Mago = 105 


, IncH-Kies; Mog, =—570 INCH-KIPS; AND Mcgp = 1140 INcH-KiPs.) 
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correction unnecessary. These final moments check the values computed by 
the writer by Professor Rathbun’s procedure. . 

Continuous Beam with Two Deformable Connections.—The second 
example, shown in Fig. 10, represents a more complicated analysis of a frame 
having two joints where both elastic deformation and plastic joint slip occur. 
The modulus of rotation for the connections at Joints B and C are as shown 
by Fig. 11. It is of importance to note that it is not permissible in this case 
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Fig. 11.—Mopvuui or ROTATION FoR RIVE:ED JOINTS of FRAME oF Fie. 10. 


to simplify the analysis by the assumption of a straight-line relationship 
between joint slip and end moment. 

The procedure is started in Fig. 10(b) by a single balance of fixed-end 
moments at Joints C and B.. From these approximate moments, an estimate 
of final moments is made. Care should be taken in making this estimate 
because a close approximation of the final moments will remove the need for 
making additional corrections. From the estimated moments and the data 


of Fig. 11, one obtains approximate values for joint slip. These angular dis-_ 


continuities give rise to carry-over angles which are balanced in Fig. 10(c). 
From the computed values of end rotation, one obtains end moments which 
are shown followed by an asterisk in Fig. 10(b). When these moments had 
been balanced out, the end moments were compared with the estimated values 
and found to be in reasonable agreement. However, to illustrate the pro- 
cedure of introducing corrections, an’ improved estimate of final moments 
was made, and the changes in these moments were used to obtain correction 
angles from Fig. 11, which also are balanced in Fig. 10(c). - The correc- 


— 
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tion moments obtained from these correction angles are introduced into 
Fig. 10(b) and balanced to obtain final moments. Second corrections to 
moments and angles are marked with a dagger in Fig. 10(b) and Fig. 10(c). 
Sign Reversal—tThe foregoing procedure will not be found easy to under-: 
stand until one is quite familiar with the methods of balancing moments and 
balancing angle changes. Possibly a confusing point is the reversal of 
signs of the moments as obtained by the slope-deflection equations. This is 
necessary because of the fact that the signs of internal moments are used 
in the balancing procedure, whereas the signs obtained by. the standard 
application of the slope-deflection equations apply to the external resisting 
moments. : . 


Direct MernHop or Distrisutina Jowt Rotations 


The conception of balancing angle changes can be extended into a direct 
method of distributing joint rotations that is useful where only a single span 
of an elastic frame is loaded. It is also valuable as a tool for rapidly obtain- 
ing approximate influence values; for instance, the joint rotations through 
the frame produced by a unit angle change (#-value) at one end of a particu- 
lar member. The extent to which this method of direct distribution might 
take the place of the general method of balancing angle changes depends 
only upon the individual preference of the reader. 
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Fic. 12.—Carry-Over FAcToRS AND K-VALUES FOR DIRECT DISTRIBUTION OF JOINT 
ROTATIONS. 
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Stiffness Dependent Upon End Restraint.—Fig. 12(a) shows the resultant 
g-values as produced by a unit -value at End A of Member AB which is 
restrained but not fixed at Joint B. Since stiffness is defined as resistance 
to rotation, the stiffness of the member in terms of rotation at End A is 
increased by the restraint at Joint B. The stiffness at a joint usually is 
expressed as 3K = K, + K.+ K,4+ Ks If «x is defined as the ratio of the 
stiffness of the restrained member to its stiffness when the far end, B, is 
simply supported, then K x becomes the stiffness factor for a restrained member 
exactly comparable to the K-value for an unrestrained member. From the 


small sketch, Fig. 12(a), it will be evident that 04 = 0.75 + 0.25 — and 
IG ; 
that 6, = —0.5—+. Accordingly, 
= K 
k= — tlutus ole SP iat eee 
ale ghee (as Aa nog ee 
=K = ik 
The carry-over factor for joint rotation is, 
P 0.5 boa 
(i) ee PES = K = 2 an kK KS 
07 K, =K 2 SIs 


14+3 


0.75 + 0.25 —+ 
=K : 
When the far ends are restrained, substitute in the foregoing equations, 
K, 1: : 
Ore —— INawihichiveess 1K ol 
Sic SK K 2 Ka + Ky ks + Ky ky. 
The curves of Fig. 12 show the plotted values of x and C for a wide variation 


ees 
of the ratios, ‘ 
1 


Actually, when the far ends of the restraining members 


for 2 K 


1 1 
this refinement is unnecessary when approximate 6-values are satisfactory. 

Examples of Direct Distribution—The use of the curves of Fig. 12 is 
illustrated by the two examples of Fig. 18. The elastic frame in Fig. 13(b) 
was analyzed previously in Fig. 2. The ¢-value of +104 at End B gives 
rise to the joint rotation of + 74 which, in turn, produces the joint rotation 
of + 6 at Joint D. The remainder of the 6-values are produced by balancing 
Joint D and carrying over the proper rotations to Joint B and Joint F. 

A box culvert is analyzed in Fig. 13(a) for the effect of a single ¢-value 
of +167 at Corner A. The joint rotations become influence values from 
which the effect of any symmetrical loading could be obtained. The ealcula- 
tions are self-explanatory except perhaps for the use of a single x-value for 
each vertical member. Actually, there are slightly different x-values for the 
two ends of the vertical member, but this difference is small enough to be 


K,+2Kx« 


are not simply supported, one should substitute » but 
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neglected. The corresponding effect upon the carry-over factor was of 
greater importance, and, accordingly, two carry-over factors were recorded 
for the vertical member. 


Kxe=2.2 
(a) INFLUENCE VALUES FOR CLOSED FRAME (b) ANALYSIS OF CONTINUOUS FRAME IN FIG. 2 


¥ig. 13.—Direcr DIstRIBUTION OF JOINT ROTATIONS. (*RELATIVE -VALUES.) 


CoNCLUSION 


The procedure of balancing angle changes has been found to offer a parallel 
method to that of balancing moments. Either tool can be used to analyze 
continuous beams, rigid frames, open-web trusses, tall building frames, con- 
tinuous arches on elastic piers, and other continuous framed structures. In 
certain cases they can be used to advantage to supplement each other, as in the 
analysis of a frame undergoing joint slip. The procedure of balancing angle 
changes possesses the inherent disadvantage that final moments are computed 
from the differences between angular rotations. Hence, angular rotations 
must be computed with greater accuracy than joint moments by the method 
of moment distribution. However, the method of balancing angle changes 
possesses two important advantages of its own: (1) It is essentially self- 
checking; and (2) it offers one the clearest possible picture of the physical 
action of the structure. These attributes seem sufficient to justify its use by 
those designers who are accustomed to thinking in terms of joint rotations 


and deflections. 
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THE MODERN EXPRESS HIGHWAY 
By CHARLES M. NOBLE,! Assoc. M. AM. Soc. C. E. 


SYNOPSIS 


The purpose of the paper is to present for criticism and discussion a 
process of reasoning and analysis in highway design rather than to set forth 
definite rules and data; to suggest necessary test and research projects;. to 
emphasize that design should provide positive safety at the speeds of which 
vehicles are now capable, or may be capable, in the near future; and to sug- 
gest an immediate raising of design standards for trunk highways. 

_. The paper presents only an outline of a broad subject and is intended 
principally to direct attention in a positive manner to safety in highway 


design. 


INTRODUCTION 


The enormous loss of life and property on American streets and highways 
is a compelling reason for pausing to take cognizance of location and design 


TABLE 1.—Typss or Accipents Resuttinc In Persons Kiniep AND IngURED 


IN 1935 
ACCIDENTS Persons KILLED Persons INJURED 
Collision with Percent- Percent- Percent- 

- No. age of No. age of No. age of 
total total total 
Pedestrian. .........% bps 297 610 36.0 16 030 44.4 276 640 30.9 
Automobile:...,.::17<£.. 920s 374 490 ° 45.3 8 900 24.6 450 320 50.3 
Horse-drawn vehicle........ 4 960 0.6 140 0.4 5 370 0.6 
Railroad train...........-+- 4 960 0.6 1 440 4.0 4 480 0.5 
BEESOUICHE sds aia titeclisiane Sven 13 230 1.6 310 0.9 11 640 1.3 
Other vehicle........-...-- 8 270 1.0 250 0.7 8 060 0.9 
Fixed object...........-+:. 53 730 6.5 080 11.3 64 460 7.2 
Bicycle. .... 02 sence dee’ 19 840 2.4 580 1.6 17 910 2.0 
Non-collision....-.......-<+. 47 120 Bal . 290 11.9 53 720 6.0 
Miscellaneous.......--.6++-55 2 480 0.3 80 0.2 2 680 0.3 

mummies S06 Soe MS ESSIOER ATT ES OE 2 RSS ee 
Mi Noy) Chewy ie ene es SPICE 826 690 100.0 36 100 100.0 895 280 100.0 


practice and of the manner in which it should be improved to meet the 
increased speed of the present and future motor car. No other engineering 
structure has such a death record as the highway. Table 1 is a compilation 


Norn.—Discussion on this paper will be closed in December, 1936, Proceedings. 
1 Agst. Engr., Port of New York Authority, New York, N. Y. 
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of the accident record in the United States for 1935. Certainly many 
more accidents are chargeable to the highway itself than statistics indi- 
cate. The failure to attribute accidents to faulty road design is due to 
several causes principal of which is the subtlety of the problem. Police 
officials are not always trained to analyze the basic causes of accidents 
properly, and there is a definite temptation to blame the driver because such 
a course is more concrete and along lines of least resistance. 

The motor-car designer has set a pace which the highway designer has not 
anticipated properly. New automobile models appear each year, but new 
highways to replace outmoded highways cannot be produced so quickly. This 
imposes on the designer the task of producing a highway suitable for the car 
of ten or fifteen years in the future. So far, in general, this has not been 
done. The result is a staggering economic loss in life, property, and capital 
expenditure. To-day (1936) there is a large road mileage, less than ten 
years old, which is hopelessly obsolete so far as the safe and efficient operation 
of the present motor car is concerned. As an example, in 1935 several manu- 
facturers of motor vehicles (some cars in the medium-price class) advertised 
that their cars would maintain a sustained speed of 100 miles per hr. The 
roads to accommodate these cars are not now in existence. 

The rise in the accident and death rate is recognized to be due to 
increased speeds. The vehicle itself is far safer than formerly, but the 
higher speeds result in more serious accidents, involving more cars with a 
consequent greater loss of life. At high speed there is less time to correct 
an error of judgment, and it must be recognized that this time element is 
the new factor of importance which has entered the problem. Therefore, 
basic safety must be designed into the highway, taking this factor into 
account in such manner that the motorist is allowed sufficient time to cope 
with driving hazards. The reckless and unsafe driver must be considered. 
He affects the life and property of the innocent safe driver and cannot be 
disregarded with a shrug as formerly. In the past emphasis in design has 
been based on highway economics founded on vehicle operating costs and time 
losses. Broad highway economics founded on loss of life and property, as 
well as operating costs, has not received much attention. The injuries and 
the loss of life and property on American highways are issues squarely 
facing the highway engineer. It is his duty to design the highway so that 
the traveling public is safeguarded. 


FUNDAMENTAL CONCEPTS 


A consciousness of driver psychology is gradually emerging although a 
knowledge of its “laws” is only vague and half-formed, More knowledge is 
necessary, but, in the meantime, there should be a consciousness of its exis- 
tence, and such facts as are now known should be applied to design. For 
instance, in many cases, it is possible to design a highway so that the motorist 
is led unconsciously to choose the safe act rather than that which is unsafe. 

The trend of the times indicates the desirability of designing the highway 
on the basis of a constant rate of vehicle speed between large terminal points. 


- 
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It is evident that the decision as to the design speed should be arrived at 
only after very thorough study of the country to be traversed and that it 
should be made personally by the principal officer in authority. In the inter- 
est of safety it is also evident that the motorist must be notified on any 
change in the design speed. From present indications it would appear not 
unreasonable to design for a speed of 100 miles per hr in country not too 
mountainous. This will result in trunk highways having better alignment 
and curvature than the high-speed passenger railways. Generally, the present 
railway maximum speed is approximately 80 miles per hr. The drivers of 
trains are trained, picked men, familiar with their runs, riding on fixed 
rails, with definite orders and under close supervision. The reverse is true on 
the highways. 

At every step in design the question should be asked: Is this safe under 
all driving conditions—darkness, snow, ice, rain, fog, ice and snow on the 
pavement, snow plowed on to the shoulders? Every conceivable accident 
hazard must be analyzed. Always there should be the consciousness of the 
number of feet per second a vehicle travels at any given speed, the length of 
headlight beams, the chances of visibility, all combined with the distance 
required to bring a vehicle to a stop. 


Tue DuaL Hicuway 


The dual highway appears to be the only type of design developed so far 
to accommodate successfully the present high speeds with safety. A sug- 
gested minimum design is shown in Fig. 1. To provide increased speed with 
safety, wider lanes will be necessary. It is suggested that two 12-ft lanes 
in each direction may be sufficient if truck traffic is relatively light. 
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In the case of heavy truck traffic two lanes in each direction may be 
constructed in the unused center portion of the dual highway, but without 
any physical connection with the high-speed lanes. Access to the truck lanes 
may be provided at intervals by the use of “fly-under” crossings beneath (or 
over) the high-speed lanes. It does not appear likely that trucks will travel 
much in excess of 70 miles per hr and, therefore, the standards of design 
for these center lanes, except for ruling grades, need not be as high as for 
the outer lanes. A most effective method of eliminating time losses is to by- 
pass all towns and cities between terminals, in addition to separating all high- 
way and railway grade crossings. A safety factor is to prevent frontage of 
any type on the highway and to exclude farm and local road entry. It appears 
reasonable to restrict access to approximately 10-mile intervals. 

Fig. 2 illustrates a simple type of design for rural access which has muc 
to recommend it from a safety standpoint. The acceleration and deceleration 
lanes are the feature of the design. They provide full visibility on the trunk 
highway over a period of time sufficient to enable the motorist to adjust him- 
self to the entrance and exit of other vehicles. 

In the interest of economy the dual highway may be constructed in 
stages, but upon a full-width right of way. Two lanes may be constructed on 
one side and used as a two-way road until such time as funds become avail- 
able for the complete project. 


Fic. 3—DuaL HigHwaY DESIGN IN DELAWARD. 


It is unnecessary to enumerate the points of superiority of the dual high- 
way over conventional multiple-lane design to any one who has had the 
good fortune to drive over a properly designed dual highway. The elimina- 
tion of the passing problem alone is sufficient reason for the adoption of ‘this 
principle. Esthetically, also, it is capable of great possibilities and develop- 
ment. It is certain that the dual highway deserves very serious consideration 
in the present and future planning of trunk highways. Fig. 3 shows the 
dual highway as at present developed in Delaware. 
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Dertaits or Drsian 


In order to define more clearly the writer’s views with respect to highway 
design it will be more illustrative if details of design are discussed separately 
under certain more or less specific sub-divisions, 

Super-Elevation—With present and probable future high speeds it seems 
untenable not to bank (super-elevate) curves. In many sections of the United 
States banking is standard practice, but in some States super-elevation has 
been abandoned on multiple-lane projects on the plea of drainage difficulties. 
There appears no good reason why effective means of meeting the situation 
cannot be developed. A proper study of drainage and suitable design can 
eliminate nearly all the accumulated water which would normally flow 
transversely across the pavement. Certainly the motorist has a right to 
expect the protection of super-elevation around curves. Negotiating at 
high speed,a curve with “reverse” banking when the surface is covered with 
ice or snow is far from a pleasant or safe experience. 

As far as the writer is aware the proper rate of banking for any given 
speed-radius combination is unknown. Comprehensive tests using modern 
passenger cars and trucks on clear and icy pavements is the logical approach 
to the solution of the problem. The formula in present use is, 


5" ACT RN Roe aE Org 
tid 


in which # equals super-elevation, in feet per foot of width; V equals 
velocity, in miles per hour; and r equals radius, in feet. Equation (1) yields 


‘rates somewhat higher than are required for practical driving conditions. It 


is based on the super-elevation maintaining equal weight on the inside and 


‘outside tires. Practically, this is mot necessary, as demonstrated from 


experience the outside tires may have considerably more weight on them 
than the inside tires without danger. The point is that there are no quanti- 
tative data upon which conclusions can be based as to how much this unbal- 
anced weight may be for safe, comfortable operation around curves. The 
present method of determining the super-elevation is to use Equation (1), 
but to assume some arbitrary speed lower than the actual speed expected. 
Here is an opportunity for much needed research. 

 Curves.—From an analytical standpoint the minimum radius will depend 
on the maximum permissible rate of banking and the speed assumed. For 
example, suppose it is desired to design for a speed of 100 miles per hr, 
assuming 1 in. per ft of width as the maximum rate of super-elevation and, 
further, that Equation (1) will bank the curve safely if V is taken as 60 miles 
per hr. Substituting in the formula, a minimum radius of 2900 ft igs indi- 
cated. This method of determining the minimum radius is superior to the 
present practice of arbitrarily setting up a standard minimum radius based 
upon judgment only. 

It is doubtful whether spiral curves will be necessary. The vehicle is free 
to spiral the slight amount necessary within the wide lane in order to accom- 
modate itself to the large radii required by present speeds. Opinion ‘is not 
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of much value in solving this problem, however. Practical road tests are 
necessary before design practice can be established definitely. 

Careful thought and designing are necessary in providing the transition 
between the normal crown and the banked section. It does not seem reason- 
able to adopt a standard length and treatment regardless of the radius and 
rate of banking. Certainly the treatment should be such that there is no 
tendency for the vehicle to be “thrown in” toward the center of the curve, 
or to swerve out. The ideal is for the design to be such that the vehicle 
may enter and leave the curve smoothly—almost automatically. 

The distance between reversed curves depends on the time required for the 
driver of a vehicle to “come out” of one curve and prepare to enter the next 
one. As an illustration, if a 7-sec period and a speed of 100 miles per hr is 
assumed, the minimum distance between reversed curves will be approxi- 
mately 1000 ft. The writer is unaware of any observations upon which to 
base any conclusion as to the proper reaction time between reversed curves. 
This time interval may have some relation to the radii of the curves, 

Grades —The realization is growing that long smooth grades and vertical 
curves are essential for confident and safe operation at high speeds. Rolling 
grades create a hazard for night driving. Shadows cast by headlights result 
in lack of vision and loss of confidence on the part of the driver. A policy 
of encouraging night travel would tend to spread the traffic more evenly over 
the entire 24 hr, thus making a more efficient use of the investment in the 
highway. Long, sustained profiles, being more attractive to the night driver, 
may prove more economical than rolling grades when considered in the light 
of broad economics. 

At a speed of 100 miles per hr a car travels 146 ft per sec. It would 
appear reasonable to provide uniform grade conditions for a period of at 
least 10 sec. If this speed is assumed in the design, a minimum length of 
profile tangent of 1500 ft is indicated. The lengths of vertical curves should 
be such that, within the limit of vision of the headlights, shadows will not be 
cast and the normal length of the head-light beam will not be reduced. This 
will result in much longer vertical curves than those now in use. In general, 
definite data from which the proper length of vertical curves may be set are 
not available. Tests or optical computations will be necessary before 
definite values can be presented. 

Present thought appears to favor good alignment in preference to low 
maximum grades, but it would seem desirable to limit maximum grades to 
about 5% in order to provide reasonable safety in descent on icy pavements. 
If commercial traffic is present in sufficiently large volume ruling grades may 
need to be limited in proportion to the economic importance of this class 


of traffic. It may be enlightening to study the operating efficiency and speed of - 


various classes of trucks, loaded in accordance with current commercial prac- 
tice, upon different rates and lengths of grades and allowing for motors not 
operating at “brand new” efficiency. It is well known that practically all 
trucks overload beyond the rated capacity of the vehicle. At present, manu- 
facturers present data covering speeds and operating efficiency for different 
rates and lengths of grades, based on rated capacity and new motors. A test 


ean 
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- program simulating actual commercial conditions, in co-operation with motor 


manufacturers, may change present conceptions somewhat as far as economic 
grade design is concerned, as applied to trucks. 

Sight Distance—The proper approach to this problem, if the dual highway 
principle is utilized, would appear to be related to the distance in which a 
vehicle can be brought to a stop. This is dependent on the braking power 
and the interval of time required for the operator to start the application of 
the brakes after he has observed a danger. This latter interval may be 
termed the lag. The result of computations based on the laws of motion and 
using the 1931 rules of the New Jersey Vehicle Commission for stopping 
distances indicates a deceleration factor of 17.4 ft per sec per sec for four- 
wheel brakes. This is slightly higher than the factor deduced (approximately 
16 ft per sec per sec) from the figures of the National Bureau of Standards’. 
The formula, based on well-known principles of motion, is: 


2 
» a er ony fh eines te (OD 


[Equation (2) will give the distance, s, required to bring a vehicle equipped 
with four-wheel brakes to a stop, neglecting the lag. The lag has been 
observed by various authorities as ranging from 0.75 see to 1.5 sec. for an 
emergency stop. In connection with the deceleration factor of 17.4, tests 
conducted by a New York, N. Y., Taxicab Company indicate that a decelera- 
tion of about 19.0 ft per sec per sec will throw the occupants of a car out of 
the seats. This suggests a limit to a further increase in braking power. 

Applying Equation (2), using V equals 100 miles per hr, a distance of 
617 ft will be required to bring a car to a stop (on level grade) after the 
brakes are applied. Using a lag of 1.5 sec, a sight distance of 836 ft is 
required (617 + 219), at a speed of 100 miles per hr. The sight distances 
calculated, using the factor, d = 17.4, should be considered the minimum. 

Fig. 4 shows the stopping distances for different speeds and rates of 
grades. Let S = grade, in feet per foot (— = down grade and + = up grade) ; 
m = mass; and, d = the deceleration of the car, in feet per second per second; 
then, since total work = kinetic energy + potential energy: 


2 
mao= "(2B y)\ + m2ma—4)s EN et See (3) 
2 \ 3600 


For properly adjusted four-wheel brakes, using the New Jersey State 
traffic rules for 1931 a value of d equal to 17.4 is deduced from which it is 
possible to derive an expression for s in terms of S, as follows: 


2 
Le EMEA RTT I ore ree 
. d+ 32.28 
Tf the dual highway principle is not used and the design consists of a 


two-lane, two-way highway, passing distance becomes the controlling element. 
For this case a sight distance of more than 2000 ft may be required for 


2 Manual on Uniform Control Devices for Street and Highways, National Bureau of 
Standards, Appendix 0, dated March 4, 1935. 
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reasonably safe passing. Even this distance does not take into consideration 
the speed of an approaching car. The passing menace is one of the serious 
problems facing the highway designer. 
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Shoulders.—If the shoulder is looked upon as a factor of safety a healthier 
attitude toward its cost will develop. In case of accident or mishap it may 


prove as important as the pavement itself.. Many minor accidents develop 
into major accidents when cars swerve on to the shoulder and strike some 
fixed object, or over-turn. In many cases it is necessary for a.car to dodge 


out on to the shoulder to miss a sudden accident ahead. For these reasons — 


it is apparent the shoulders should be wide (preferably not less than 20 ft), 
level with the pavement, paved suitably to accommodate. vehicles safely at 
high speed, and cleared of all obstructions. Ditches are recognized hazards 


and are being eliminated in present modern designs, but obstructions, such as ~ 


poles, trees, warning signs, head-walls, light standards, etc., are not so gen- 
erally recognized as sources of danger. The writer has often wondered why 
public officials permit private utility companies to locate poles within a few 
feet of pavements instead of along the right-of-way lines. 

Curbing is another element of danger which has not been generally recog- 
nized. It is recommended that it be used very sparingly and only in places 
where it will prove to be a safety device instead of a hazard. It is well 
to keep in mind that the essential function of a curb is to protect pedestrians 
on sidewalks, to form drainage channels in urban areas, and as a es line of 
warning and defense on bridges, ete. 

Signs.—The setting of warning signs as fixed objects near the roadway 
was probably derived from railway practice. Since the motor vehicle is not 
confined to fixed rails, signs set in this manner constitute a hazard. 
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Signs may either be suspended from overhead cables or mounted on flexible 
standards. To be effective they should be illuminated at night in such manner 
that the motorist is not blinded and so that objectionable shadows are not 
cast. The ideal would appear to be a luminous type visible for a sufficient 
distance, but with a limited light source. Reflectors are not always effective 
under certain conditions and, of necessity, must be set in a position to inter- 
cept head-light beams. In such a position the reflector usually becomes a 
menace. 

A criticism frequently heard is that direction signs are not placed suffi- 
ciently in advance to permit the motorist time to make a turn properly and 


_ safely. This safe distance will be increasingly important because of advanc- 


ing speeds. Braking power and feet traveled per second are the factors. 
Duplication of direction signs will also prove helpful. ; 
Guard-Rail.—Probably no other single highway structure has been the 
eause of so much loss of life and property as the guard-rail. Because it is a 
hazard at best it is desirable that as little of it be placed as possible. For 
fills of moderate height it would appear logical, therefore, to substitute extra 
wide shoulders and flat side slopes. This would eliminate many miles of 
railing. In locations where the guard-rail is essential, only rail of such 
design that damage to the vehicle and injury to the occupant are avoided, 
should be installed. 
The enlightening paper by Searcy B. Slack, M. Am. Soc. C. E.,* covering 
fundamentals of guard-rail design, points the way toward more rational design. 
Lighting.—Practically all authorities agree on the present tnadequacy and 
unsuitability of highway illumination. With increasing speeds and night 
travel this inadequacy assumes serious proportions. The lighting of to-day 
creates bright areas around which are pools of blackness difficult for the eye 
of the driver to penetrate. Indeed, some types of units defuse the rays 
laterally and upward leaving the pavement and an area some distance above 
the pavement in semi-shadow when compared with the brightness of the light 
itself. The effect on the motorist is to create a series of blind spots. Rain, 
snow, sleet, and fog increase this hazard. In this connection roadside stands 
with their brilliant lighting are very troublesome. Some of these stations 
produce a blind interval of several seconds. Proper legislation could eliminate 
this latter hazard. If highways are to be illuminated it is apparent that a 
radical departure from present methods will be necessary. ' 
Pavements.—Present thought in pavement design appears concentrated on 
providing only sufficient strength, with a small factor of safety, to prevent 
actual failure. It may be that too little thought is being given to providing 
sufficient thickness and steel reinforcement to perpetuate the good riding 
qualities originally built into the pavement. The natural forces of weather, 
temperature, frost, and plastic flow in concrete tend to distort the riding sur- 


face. It is established that profileometer readings increase each successive 


year. Thus, after five or six years, the riding qualities are greatly impaired. 
The public is as interested in smoothness during the entire life of the pave- 


3 Hngineering News-Record, June 9, 1932. 
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sent as in the first two or three years of its life. At present speeds, such 
roughness may not be unsafe, but at the speeds which may be common in the 
near future, it may be vital. A thick slab heavily reinforced top and bottom, 
with transverse joints less than 100 ft apart, may be the answer. Such a 
slab will be relatively stiffer and will have less deflection at transverse joints, 
and thus tend to lessen present troubles at the joints. A test program would 
do much to throw light on the problem. : 

At present, joints are receiving much deserved attention. They will be in- 
creasingly important in the future. Noise caused by the joint may be 
equally as important as smoothness. At a speed of 100 miles per hr with 
joints on 50-ft centers, a vehicle will pass over three transverse joints er 
second. If the joint causes noise it may prove more annoying and conducive 
to driver fatigue than the “clicking” of rail joints on the railways. 

Terminals and Interchange Facilities in Urban Areas.—In such areas 
speeds may have to be limited to approximately 40 miles per hr in the interest 
of safety. Because of the specialized nature of the problem, the scope of 
this paper does not permit a detailed discussion. Each location presents indi- 
vidual design problems and must be treated on its merits. In the writer’s 
- opinion the simplest possible layout is best. A complicated design that 
confuses the motorist may be more conducive to lost time than a less mechan- 
ically perfect design that is simpler. The motoring public objects to “getting 
lost.” The present tendency to eliminate all left turns on the secondary street 
may be unnecessary in most cases and may lead to undue complication. The 
decision as to the use of a design with no left turns depends on the peak-hour 
volume of traffic using the ramp and the street to be entered. If traffic on 
the street to be entered is light and not moving at high speeds, left turns 
may be permitted with safety. If the street to be entered is equipped with 
traffic lights the criterion will be that no more traffic shall accumulate in 
the 1amp than will clear during a light interval. Observations show that at 


least ten cars in two lanes, will clear out easily during a 1-min. light — 


interval. This is equal to not less than 300 cars per hr. 

The principles of the traffic circle, the grade separation with ramps, 
and the clover leaf are well understood. The traffic-circle design is based 
on the volume of traffic as related to the diameter and the number of 
entrance streets, to the end that free weaving action may occur. The 
charge that traffic circles are dangerous is true if the circle is inserted in a 
high-speed highway where speeds are greater than 40 miles per hr. At speeds 
of about 40 miles per hr, a circle can be made safe with proper lighting, ade- 
quate illumined over-head warning signs placed sufficiently in advance, and 
by eliminating curbs and obstructions within and adjacent to the circle. 

Center ramps, which require the main traffic to by-pass around them, are 
exceedingly dangerous. Heads of all turn-out ramps should be designed so 
that traffic does not tend to run into them. Curbs, if any, should be low and 
walls should be started sufficiently back from the nose to allow the motorist 
time to avoid crashing into them. Obstructions (signs, reflectors, light stand- 
ards, etc.) placed on the nose are an added hazard. Proper lighting in the form 
of spot-lights and advance, over-head, illumined warning and direction signs 
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will be of assistance in making ramp heads safer. Many of them have been 
designed in improper positions, and then loaded with signs and reflectors. 
Such installations have resulted in many serious accidents with accompanying 
loss of life and property. No part of the design deserves a more careful acci- 
dent analysis than ramp heads. It is not necessary for the motorist to enter 
the ramp at breakneck speed; nor is it necessary to use curves of large 
radius. The ramp should be a definite turnout, a subsidiary of the highway, 
and should be so designed. If properly “signed” far enough in advance, 
the motorist will find it even if it is off to one side of the highway. 

It is well to repeat that simplicity of layout consistent with safety and 
traffic-handling capacity is sound policy when designing terminal facilities. 


CoNCLUSION 


Most of the highways designed twelve or fifteen years ago (before about 
1920) are obsolete as far as alignment, grades, and details are concerned. 
These shortcomings are the cause of untold suffering and loss of life as well 
as an enormous economic waste in property loss and capital outlay. Unless 
there is a radical revision upward in design standards, history may repeat 
itself as far as the trunk system is concerned. Motor-car design and the 
public will dictate the speeds which will obtain. The engineer will have little 
voice in the matter. 

There are evidences in various parts of the country of an awakening to the 
principles outlined in this paper, but nothing really concrete has been initiated 
on a national scale. Germany, on the other hand, actually has under construc- 
tion the first unit of a system designed for speeds as great as 115 miles per hr. 

The highway engineer is facing a tremendous responsibility. He must 
have courage and vision. He controls the destiny of billions of dollars and 
tens of thousands of lives. Safety for the motorist must be the watchword. 
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PEPE TION OF MATERIALS FOR ROLLED-FILLE 
EARTH DAMS 


BY, CHARLES HH. Lep,:.M. Am.-Sec..C..E: 


SyYNopsIs 


The traditional manner of determining suitability of material for earth 
dams is to exercise judgment, based upon previous experience, aided by sense 
testimony, such as experience, “feel” to the hand, and possibly grittiness 
between the teeth. In recent years, with increase in the number and size of 
earth dams and the occurrence of unexpected failure, it became apparent 
that a more scientific method of selection was needed. The first efforts in this 
direction were for hydraulic-fill dams where knowledge of particle size and 
other physical properties was found essential as a guide to safe and permanent 
construction. 

The recent improvements in mechanical equipment for handling earth have 
so reduced the cost of rolled-fill construction that the rolled-fill dam is now 
an economic competitor of the hydraulic-fill dam. Due to this fact and to 
the freedom of the rolled-fill dam from the element of treachery during con- 
struction, it is becoming a more popular type of dam. The rolled-fill dam has 
this disadvantage, however, that if failure occurs, it does so when the struc- 
ture is in service and after it has had full opportunity to absorb water. Due 
to this characteristic and to the fact that practical earth-testing methods 
have now become more or less standardized in other lines of technical activity, 
such as highway construction, the present tendency in rolled-fill construction 
is toward the use of scientific earth-testing methods. This tendency extends 
both to the selection of material and to control during construction. 

This paper is confined to a discussion of earth testing as an aid to the 
selection of materials. Pertinent fundamental principles of soil technology 
as developed from the latest research and practice are drawn upon as a basis 
for conclusions. These principles are supplemented by certain research find- 


EE EE a SA ae ee 8 
Norr.—Presented at the meeting of the Irrigation Division, Los Angeles, Calif., 
July 4, 1935. Discussion on this paper will be closed in December, 1936, Proceedings. 


1 Cons. Hydr. Engr., San Francisco, Calif. 
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ings in concrete technology. It is shown that particle size has a direct rela- 
tion to the more important properties of earth material affecting its suitability 
for rolled-fill dam construction. Mechanical analysis, combined with micro- 
scopic examination and, in some cases, a simple mineralogical test, is proposed 
as a basis for determining suitability. Before making a final selection these 
factors may be confirmed by tests for compaction and permeability. 


REQUIREMENTS FOR SUITABILITY 


The principal requirements for suitability of material for the impervious 
part of a rolled-fill earth dam are: 


(1) Permanent stability against sloughing when saturated; 

(2) Reasonable water-tightness against the maximum head of water; 

(3) Workability in construction operations, involving spreading and com- 
pacting in thin layers upon the top of the embankment by the use of 
mechanical equipment; 

(4) Insolubility of the mineral constituents composing the individual 
particles of the material; and 

(5) Reasonable cost of handling, including excavation, transportation, 
spreading, and compacting. 


If the dam includes a permeable down-stream section, freedom of drainage 
must be considered for this part. 


STABILITY 


The essential requirement for stablization of earth is high shearing 
strength resulting from a proper combination of cohesion and internal fric- 
tion. This can be secured in a well-graded material through mechanical 
compaction to the point of maximum density by tamping, rolling, or the 
tramping of animals. Internal friction in an earth material is produced by 
the rubbing together of bulky granular particles held in contact by the forces 
of cohesion. The presence of coarse material, such as gravel and sand, are 
essential for high internal friction. 

Cohesion depends upon the permanent adhesive strength due to molecular 
attraction of minute films of water and moist clay particles between granular 
particles. As an illustration, C. A. Hogentogler, Assoc. M. Am. Soe. C. E., 
states” that an almost liquid clay with cohesion amounting to about 130 lb 
per sq ft, when combined with a cohesionless sand will increase the supporting 
power of the latter from 270 lb per sq ft to 2.500 lb per sq ft. Water films 
in liquid or plastic soils usually have the same characteristics as water in 
bulk, but when the thickness of the films is reduced by drying or mechanical 
compaction of the soil to a semi-solid or solid state, the boiling point of film 
water rises, the freezing point lowers, and the surface tension increases so 
that the films become tough. Charles Terzaghi, M. Am. Soc. C. E., states that 
~" "Public Roadé, Webruary, 1935... = a 
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in thicknesses of less than 0.000002 in., water films behave like semi-solid 
substances*. 

The thickness of films on river sand passing a 10-mesh sieve has been 
estimated at 0.00002 in., and that passing a 60-mesh sieve at 0.000005 in.‘ 
This thickness decreases with the size of the particle, and in the case of clay 
is much less than for sand. As a result of this toughening of water films by 
the compaction of a plastic soil, the latter changes to a semi-solid or solid 
condition and acquires stability. If the size of the earth particles is suffici- 
ently varied and a sufficiently high degree of compaction is obtained, this 
stability becomes permanent even when the material is submerged in water. 

Active research in earth stabilization has been conducted during the past 
two decades, first in connection with highway construction, and more recently 
for rolled-fill dams. Research in the latter field has developed the fundamental 
principles of earth compaction’, while the former among many other things 
has contributed a basis for the selection of materials for earth road surfaces* 

Probably the most severe test for the stability of earth material is as a 
wearing surface for an earth road. Such a surface must remain unyielding 
and hard under pressure and the impact of the heaviest traffic; and it must 
be free from mud in wet weather or excessive dust in dry weather. Although 
the forces acting upon a dam are not concentrated as are those upon an earth 
road, they are of similar character. They consist principally of pressure 
from the weight of superimposed water and impact from waves and earth- 
quake shock. An earth dam must also retain its stability under alternate sub- 
mergence and atmospheric exposure. Because of the similarity in require- 
ments for permanent stability in earth roads and in earth dams, the inter- 
change of research data is admissible. 

Without going into unnecessary detail, the conclusion may be stated that 
as the result of research, now thoroughly tested in practice, permanent 
stability in rolled-fill earth dams can be obtained with well-graded material 
compacted at a critical moisture content by use of appropriate mechanical 
equipment. ‘The importance of this finding merits the following detailed 
consideration of both grading and compaction. 

Grading.—A graded earth material is a mixture of earth particles regu- 
larly proportioned by size. The most desirable range of sizes and degree of 
grading differ with the type of construction and the service. For concrete 

_aggregate a limited number of coarse particle sizes ig used. Tor stabilized 

earth a wide variety of sizes, including both very coarse and very fine, is 
desirable. In earth-stabilization practice it is seldom possible from the 
economic standpoint to prepare artificially graded materials, so that natural 
materials must be used which conform as nearly as possible to an ideal 
grading. 

The purpose of grading in earth stabilization is twofold: (1) To pro- 
vide the mechanical properties of strength and hardness combined with 
cohesion and high internal friction; and (2) to secure maximum density. 

3 Physical Review, Vol. 16, 1920, p. 56. 


4 Journal, Am. Chemical Soc., Vol. 41, 1919, p. 477. ; 
5 Angineering News-Record, August 31, September 7, 21, and 28, 1935. 


1028 ROLLED-FILL EARTH DAMS Papers 


The mechanical properties of a well-graded earth result from diversity 
in particle size. The coarser particles held on a No. 10 sieve, including 
gravel, pebbles, and cobbles, may be considered as the coarse aggregate and the 
finer particles passing the No. 10 sieve and consisting of fine gravel, sand, 
silt, and clay, combined with water, may be considered as the mortar. 
The func‘ion of the coarse aggregate and coarse sand is to provide structural 
strength and hardness and ‘a high degree of internal friction. The fine sand 
provides a bedding for the coarse sand. Silt is a filler which prevents the 
granular particles from rocking. Clay occupies the remaining voids and 
reduces void spaces to such small dimensions that tough connecting water 
films are formed which produce strong cohesion. It is thus evident that 
fractions of all sizes from pebbles to clay are necessary to provide a fuil 
degree of strength, hardness, cohesion, and internal friction. 

High density in a graded granular material results from the voids between 
larger particles being occupied by smaller particles. This agrees with the 
fact, well known to hydraulic engineers, that the granular materials of 
greatest porosity are those having uniform particle size such as filter sand or 
clay, whereas those of least porosity have a great variety of particle size. 
The effect of grading upon density is well illustrated by data published® 
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Fic. 1.—RBLATION OF POROSITY TO GRADING. 


in 1934 in a report giving mechanical analyses and porosities for several 
hundred undisturbed samples of alluvial material from the South Coastal 
Basin of Southern California. Data for eight typical samples from this 
report have been plotted in Fig. 1. Samples G-151, G-145, and G—107 con- 


§ Bulletin No. 45, Div. of Water Resources, State of California. 
Investigation, “Geology and Ground-Water Storage Capacity of Valen Nie aie oe 
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7 Transactions, Am. Soc. C. E., Vol. LIX (1907), p. 67. 
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tain all sizes from large cobbles to fine sand, with a preponderance of coarse 
sizes and regular gradation of fine particles. The porosity of these three 
samples averages 15 per cent. Samples G—112, G-110, and G-325 are com- 
posed of fine and medium sand. These samples have porosities averaging 42%, 
and those with the intermediate ranges of sizes represented by Samples 
G-117 and G-—94 have porosities between these two extremes. 

Curves plotted to a semi-logarithmic scale which flatten out toward the 
fines and are concave upward represent well-graded material, whereas those 
which are flat in coarse material and become steep toward the fines, or are 
nearly straight and vertical, represent uniformity in particle size. The 
progressive decrease of porosity with grading is strikingly shown in Fig. 1. 

The ideal grading for maximum density has been thoroughly investigated 
in the well-known experiments on aggregates and concrete by Sanford E. 
Thompson, M. Am. Soc. C. E., and the late William B. Fuller, M. Am. Soe. 
O. E., in 1903’, supplemented by those of A. N. Talbot, Past-President and 
Hon. M. Am. Soc. OC. E., and F. E. Richart, M. Am. Soc. C. E., in 1919 
to 1923°. These experiments show that regular grading produced greater 
density than irregular grading, and that maximum density resulted from a 
relatively coarse grading As a result of his experiments, Professor Talbot 
developed a general grading equation which may be written, as, 


d n 


in which p = the proportion by weight passing a given screen or sieve 
opening; d = size of opening; D = maximum particle size; and n = an 
exponent. These experiments were conducted on graded mixtures with several 
maximum sizes of aggregates and values of n varying from 0.24 to 1.20, 
representing mixtures varying from extremely fine gradings to extremely 
coarse. Characteristics of gradings for typical values of n, as shown by these 
experiments, are as follows: 


For n = 1.0, the curve of Equation (1) is a straight line when plotted 
to natural scale and represents a very coarse grading; 

For n = 0.5, the curve is a parabola (natural scale) and represents a 
medium grading corresponding with the Fuller-Thompson parabolic grading 
(provided sieve holes are of the same shape); it produces maximum density 
of mixture for aggregates having a maximum size of approximately } to 4 in. 

For n = 0.33, the curve is more nearly an ellipse (natural scale) and 
represents a fine grading with maximum density of mixture (porosity, 20 to 
22%) for aggregates having a maximum size of from 1 in. to 2 in.; and, 

For n = 0.25, the curve also resembles an ellipse and oe See a very 
fine Sea dlinie with maximum density ot mixture for aggregates having a 
maximum size of from 4 to 6 in. 


The Talbot. ‘grading equation, although developed for use with concrete 
aggregates, is applicable to earth mixtures and may be used as a criterion 


8 Bulletin No. 187, Eng. Experiment Station, Univ. of Illinois, October 15, 1928. 
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for density in the selection of natural earth material for rolled-fill dams. 
This is shown by the following two examples. 

Example 1—Grading curves with 10-in. (256-mm) maximum size of 
particle, when plotted in Fig. 1 correspond in shape with the mechanical 
analysis curve for Sample G-151, the curve for n = 0.33 corresponding most 
closely in position. A similar plotting with a 5-in. (128-mm) maximum size 
shows that the grading curve for n = 0.33 also corresponds generally in 
shape and position with the mechanical analysis curves of Samples G—145 
and G-107. These three samples all have high density (average porosity, 
15%). Similar plotting against the mechanical analysis curves of five other 
samples, all of which have lower densities, shows no similarity in shape or 
position. In other words, the Talbot grading equation automatically desig- 
nates the material of highest density. 

Example 2.—Based upon extensive experience, the United States Bureau 
of Public Roads recommends the following size specification for mixtures 
having sufficient stability for earth road surfacing’: 


‘ Percentage Percentage 

Sieve. passing by Sieve. passing by 
weight. weight. 

ulate Avstveaieans fess tke) INO:, LO che sas one oe te TOMO 

SEUNG a bate 6 wand siaeaeO LORE IN 0. SO uel arta 25 to 50 

INO 4 eal goiot eee tDON tO LOD INOW DO Res relia tates 10 to 25 


The soil mortar in this material passing the No. 10 sieve has a composition 
as shown in Table 1°. These limits have been plotted in Fig. 2, together 


TABLE 1. 

Fraction : _ Diameter, Percentage 

in millimeters by weight 
(OAS ad Org aR SOG. Chto Cag oa eR eM 5 teas dca Less than 0.005 5-10 
DUC se Ais. a, Pe real re ce cate 0.005 to 0.0 10-20 
Sand, total 0.05 to 1.0 70-85 
Sand, coarse to 1.0 45-60 
Average effective SizOs) Swick othe ke eee ee 00158 ern) rae ae 
(Uniformity coeticients.:).o5s.e 5s... tl scene etn oe Greaker'tham-15" ||"=.7% ~~ ae .ae 


with grading curves for the corresponding maximum particles sizes. Here, 
again, there is found to be a very close agreement in shape and position, the 
curve for n = 0.33 lying closest to the mechanical analysis curve for the mix- 
ture, and n = 0.50 closest to the corresponding curve for the soil mortar. 
This shows that the Talbot grading curves for maximum density designate an 
earth mixture found to be satisfactory for the surfacing of earth roads. 

From these and other studies it is concluded that the Talbot grading 
curve with values of n between 0.25 and 0.50 may be used as a criterion for 
high density in the selection of natural material for rolled-fill dams. 


® Public Roads, February, 1935, p, 277. 
% Loc. cit., July, 1981, 


ee 


September, 1936 ROLLED-FILL EARTH DAMS 1031 
a Clay Silt 7 Sand Gravel Pebbles Cobbles 
Very Fine Fine. Medium] Coarse / Vj 
a ry | / | ] T y laa 10 
i / 
80 ' 7 4 2 Le on 
Nid M 

: 70 } ee KS | | 30 5 
a 
a iy ¥ J = 
a 60 Jt —. yy a 40 © 
o / Y e 
® 50 Li t LU Y YAW LL | BREE 50 2 
s Y aa 
= - 
o iy 
° 40 1 }.} } ‘2 Ltt T Hue - —- 60 o 
= é; i LEGEND re 
oa 30 in | A - Limits for Soil Mortar ie 

Ht Zi TT B - Limits for Entire Soil Mixture — 70 

‘ 7 ———Talbot Grading Curve 
| 
20 17 SS A LL Med 80 
_—, 
os Le 
10 oust fl Ht THT 90 
0 - 100 
0.003 0010 002 0.10 0.2 1.0 2 10 20 100 300 
Sieve Openings in Millimeters 


Fic. 2.—Sizm Spreciricavion OF MIXTURES RECOMMENDED By U. S. BUREAU OF PUBLIC 


ROADS FOR SURFACING HARTH ROADS. 


CoMPACTION 


The purpose of compaction of earth material is to bring the soil particles 


into uniform close contact. This has three effects: First, it increases the 
mechanical bond by interlocking the individual grains; second (and, of much 
more importance), it decreases the thickness of connecting water films, thus 
greatly increasing their adhesive force; and third, it partly expels air which, 
if retained, would ultimately be replaced by water, thus increasing the thick- 
ness of water films and decreasing cohesion. The net effect of compaction is 


to 


increase density and produce permanent cohesion. 
In open areas earth is compacted by spreading it in thin layers and 


rolling it with trucks and heavy flat rollers, or kneading and rolling it with 
sheepsfoot rollers. In restricted spaces the material is made compact by 
tamping. 


The fundamental principles of soil compaction and their application to 


rolled-fill earth dams in the selection of materials and control during con- 
struction have been thoroughly developed by R. R. Proctor, M. Am. Soc. 
C. E His work shows that in a given earth material and for each particular 
method of compaction, there is a critical moisture content at which maximum 
density is attained. Higher water content results in increased plasticity, 
larger voids, and less density, until a point is reached at which equipment 
will not be supported. A lower content may produce a fill of greater apparent 
stability with little or no plasticity, but one having a greater void volume 
and less density. The decreased water content and increased void volume in 


1 Engineering Newa-Record, August $1, September 7, 21, and 28, 1933. 
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such a fill is represented by air. After a period of service the air will be 
displaced by water and the material will become saturated. This will soften 
the fill and may finally produce sloughing or piping. 

For each type of construction equipment there is a critical moisture con- 
tent which will produce the proper degree of lubrication for maximum density. 
With a heavier or a different type of equipment, however, there is a lower 
critical moisture content at which a still greater density is attainable. For 
a given degree of density both type and weight of construction and water 
content must be considered.’ 

Although they were very complete, Mr. Proctor’s tests did not result in 
the formulation of definite rules for the selection of material.- He states 
that “soils that are poorly graded and almost lacking in fine particles can- 
not be used”; and that “those of high clay content” should not be selected 
because of the higher cost of handling. It is obvious, however, that a clay 
material of very fine texture such as bentonite would be impractical ‘for 
dam construction regardless of the cost of handling. There is a limit in 
fineness of texture, therefore, as well as in coarseness. 

Recently, the writer had an opportunity to investigate this limit in con- 
nection with the selection of material for the Coyote Dam being built near 
San Jose, Oalif., by the Santa Clara Valley Water Conservation District. 
Among the materials selected for testing was one of ancient lacustrine origin. 
With the passage of time this material had become indurated to a siltstone, 
was subsequently elevated, and, finally, became softened by weathering, to a 
depth of more than 12 ft. It was located conveniently for handling and 
in preliminary field examination had been favorably considered for use in 
rolled-fill construction of the impervious section of the dam. When samples 
from the weathered zone were subjected to mechanical analysis by the sieve 
and hydrometer method, difficulty was experienced in breaking the material 
down to ultimate particle size during the ordinary. period of stirring, even 
with pre-treatment. Microscopic examination of particles after stirring, as 
held by Tyler standard sieves from No. 48 to No. 270, showed numerous 
rounded aggregations of silt and clay representing particles of original silt- 
stone. These particles were soft and more or less plastic, and after drying 
crushed easily under the thumb-nail. With long-continued further stirring 
these aggregates finally broke down into particles of silt and clay size. It 
was also found that larger unbroken pieces of the original material absorbed 
water rapidly and softened so as to crush easily between the fingers. 

The question then arose as to whether this material would act in the 
completed fill as a mixed sand, silt, and clay, which was the constituency 
as indicated by field examination and standard mechanical analysis, or 
whether it would act in accordance with ultimate particle sizes as obtained 
by prolonged stirring. The latter indicated a material of finer texture than 
that of the borrow-pit samples from Alexander Dam, in Hawaii, and closely 
resembled the core samples from that dam. The experience with such fine 
material for rolled-fill construction both in the Islands and elsewhere has 
been. very unsatisfactory”. This is illustrated by the clause often placed 


2 Engineering News-Record, October 20, 1982, p. 468. 
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in specifications for rolled-fill dams, tequiring exclusion of adobe soils. It 
was determined, therefore, to make a series of compaction tests, including 
materials from very fine to very coarse texture, and to observe especially the 


TABLE 2.—Description or Sampies Testep at Coyote Dam, in CairorNiA 


' True 
Sample Classification Type of material Location Project specific 
gravity 
1S) ES See Clay ; Silt Bed of reservoir Zuni Reservoir, 
N. Mex. 2.89 
L8-A..... Clay Antioch clay loam | Borrow-pit Port Costa Dam, 
Calif. 2.88 
L15-CG ...| Silty clay Siltstone Sample pit Coyote Dam, 
Calif. 2.88 
L15-A1...| Sandy clay Weathered sand-| Sample pit Almaden Dam, 
stone Calif. 2.75 
L15-C8...} Sandy clay Weathered sand-| Sample pit Calero Dam, 
stone Calif. 2.75 
L15-C9...} Clay loam Weathered Fran-| Sample pit Coyote Dam, 
ciscan sandstone Calif. &.72 
' [£15-S9....| Fine sandy clay Alluvial sand Sample pit meer ene Dam, a 
alif. 2.7 
L15-S6....| Coarse sandy loam| DisintegratedSanta| Sample pit Steyens Dam, 
- Clara formation Calif. 2.76 
L15-A5...| Coarse sandy loam] Weathered _sand-| Sample pit Almaden Dam, 
stone Calif. 2.73 
L15-S10...| Sandy gravel Weathered Santa] Sample pit Stevens Dam, 
Clara formation Calif. 2.89 
[AGS ae Fine sand Beach sand Cliff House Beach, 
San Francisco, 
Calis Mipgamnem aay | 5. ak ee tens nicse,i0.5 4 93° 


© WW 


extent to which air remained in the compacted samples. Ten samples were 
selected for testing as described in Table 2. Mechanical analyses of samples 
were made by the standard hydrometer and sieve method as developed by the 
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Fic. 3.—MECHANICAL ANALYSIS OF SAMPLES TESTED IN COMPACTION. 
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U. S. Bureau of Public Roads". In the case of Sample [15-Coyote G, com- 
posed largely of siltstone, the suspension was shaken for 17 hr on a revolving 
wheel and correction was made after a microscopic examination and a count 
of undigested siltstone particles in the various screen fractions. The 
results of mechanical analyses are shown graphically in Fig. 3. 

Compaction tests were made on all samples in conformity with the stand- 
ard laboratory method developed by Mr. Proctor, the results being listed in 
Table 3. The samples have been arranged in this table in order of texture, 


TABLE 3.—SumMary oF CoMPACTION Tusts 


AVERAGE AIR CONTENT, 
witH WATER CONTENT Arr CONTENT 
At Maximum ComMPACTION GREATER THAN AT AT MAXIMUM 
MaxIMuM CoMPACTION 
CoMPacTION 
Sample 
Needle a F 
Dry Water Porosit penetration Equivalent Equivalent 
_ weight, content, Oro ae e| Tesistance, Percentage] water, |Percentage} water, 
in pounds | percentage Poor sage in pounds | by volume |percentage | by volume | percentage 
per cubic | by weight | °Y Y°U™*| per square by weight by weight 
foot inch 
Cuay 
Lil-1.. 100.5 20.8 44.5 1 490 6.03 4.21 10.9 6.80 
L8-A... 88.7 27.0 aL 1 520 8.06 6.40 12.5 8.80 
Average| ..... Pel Mee SG eee le eGo ae 7.04 5.30 UD hey 7.80 
Smitty CLay 
L15C-G| 103.0 | 21.5 | 43.0 ! 1 030 | 5.14 ! 3.40 | 7.58 | 4.60 
Loam 
L15-Al., 116.0 15.7 32.9 750 3.25 1.86 3.25 1.86 
L15-C3., 114.0 16.6 33.0 750 2.70 1.54 3.10 1.70 
L15-C9. 120.0 13.8 29.6 840 2.50 1.35 2.86 1.40 
L15-S9. 118.0 14.0 31.0 1 200 4.43 2.46 4.40 2.40 
L15-S6 123.0 12.3 29.3 1 460 3.90 2.10 4.70 2.20 
D15-A5 114.0 16.7 33.4 770 2.23 1.33 3.20 1.60 
Average| ..... 44.8.5 7] So, coin at 3.17 1.77 3.58 1.86 
Sanpy GRAVEL 2 
L15-S10| 127.0 | 11.1 | 30.0 | 2 300 | 5.13 | 2.70 I 7.35 | 3.60 
Fine Sanp 
Dill ren 110.0) 4 11.0 | 40.2 | 570 {| 14.50 | 8.45 | 20.3 i] 12.3 


beginning with the finest, and have been grouped into five classes according 
to the U. S. Bureau of Soils Classification, namely, clay, silty clay, loam, 
sandy gravel, and fine sand. Summarizing by group averages, as in Table 4, 
it clearly appears that the quantity of entrapped air at maximum compac- 
tion is by far the least in the loam group, and greatest in the clay and sand 
groups, with silty clay and sandy gravel occupying an intermediate position. 

This conclusion is further illustrated in Fig. 4, upon which all compaction 
test curves, after adjustment to one true specific gravity of 2.80, are assembled 
with the curve of zero air voids. The horizontal distance between any point 
on a compaction curve and the line of zero air voids represents air voids as 
“8 Public Roads, October, 1981.) ../ 5. 1. Uncaluml sn 
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TABLE 4.—Compaction Trsts, Coyorre Dam, in CALirorNIA 


(b) PeRcentTaGE In- 


(a) PERCENTAGE OF TorTaL Vorps AT MaxImuM CREASE IN WATER Con- 


OMPACTION OCCUPIED BY AIR TENT AT MaximMuM 
zs CoMPACTION IF AIR IS 


DISPLACED BY WATER 


Class of material 


Air Increase 
Limits in Water Porasien i Air oe content; in water 
proportion |content, in pores ae content, in| ® ne equivalert | content if 
of clay, percentage p. olante percentage... ea) water as | saturated; 
percentage} by weight y by volume By ae Regie percentage 
y weight | by weight 
(Gin tap tare aber 30 to 100 23.9 47.8 laf 24.5 7.80 32.6 
Bulb ya Clay nace scsi ice. 30 to 50 21.5 43.0 7.6 17.6 4.60 21.4 
Clay: loam: jie: ais wee 20 to 30 14.8 31.5 3.6 11.4 1.86 12.6 
Sandy gravel........| 15 to 0* ily beat 30.0 7.4 24.6 3.60 32.4 
Fine sand.......... 15 to 0* 11.0 40.2 20.3 50.5 12.30 112.0 


* Silt and clay. 


equivalent water content, in percentages of dry weight. Each texture group 
has a distinctive type of compaction curve and occupies a distinctive area 
upon the diagram, thus indicating differing physical properties. Compaction 
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Fic. 4.—-CuRVES OF COMPACTION AND ZERO AIR VOIDS. 


curves for clay, silty clay, and sand groups, are farthest from the line of zero 
air voids and lowest in dry weight at maximum compaction; and they have 
very flat peaks. The loam group is the closest to the line of zero air voids, 
has the greatest dry weight, and its curves have very sharp peaks. The sandy 
gravel curve, although having a sharp peak, and dry weight similar to those 
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for loam, is farther from the curve of zero air voids. ‘The superiority of 
loam from the standpoint of dry weight and minimum air voids is apparent. 

Expressing this superiority in terms of mechanical analysis, the data in © 
Figs. 8 and 4 indicate that for permanent stability of compacted earth 
material the clay fraction should not exceed 30 to 35%; nor should it be less 
than 3 to 15%, the latter limits depending on the degree to which the 
material is graded. 

With regard to the disintegrated siltstone (Sample Z15-CG@), it appeared 
that the air content at maximum compaction expressed as equivalent water 
was three times that of the next nearest available material represented by 
Sample L15-C9 (Fig. 4) and that it lay in the clay group in Fig. 3. Due to 
the large percentage of air voids, even under ideal conditions of handling 
in the laboratory, and the probability of non-uniform compaction in the fill 
due to difficulty in handling, the siltstone was discarded for use in the main 
structure of the dam. 


IMPERMEABILITY 


The water-tightness of an earth dam is determined by the degree of 
impermeability of the material as compacted in the fill. This impermeability, 
in turn, depends upon the gradient, or relation of hydraulic head to length 
of soil column traversed by the water, the temperature of the water, and the 
character of the material. Since the variation in range of maximum gradient 
and temperature for earth dams is relatively narrow, the most, important 
variable is the material. This affects impermeability both from ‘the stand- 
point of the frictional resistance offered to the movement of water, and 
of the molecular attraction of solid particles for water. 

Frictional resistance is a function of the smoothness of the walls of voids, 
but principally of size of void openings. Molecular attraction is also a func- 
tion of size of void spaces, although it does not become important as a factor 
influencing impermeability until void spaces’ are small enough for an appreci- 
able volume of the water occupying them to be within its effective range. 
When the latter occurs, the portion of the water affected ceases to act under 
the influence of gravity and becomes stiff and immobile, thus reducing the 
effective flow area. When void spaces are small enough to be spanned com- 
pletely by. molecular forces, all water acts as a semi-solid, and flow practically 
ceases. Such material is completely impervious. 

In practice it is not always possible to construct a fill that is absolutely 
impervious, and nominal leakage through an earth dam is common. For 
earth-dam construction a compacted material in place in the fill having a 
permeability coefficient of 0.10 gal per sq ft per day may be considered as 
practically water-tight. The permeability coefficient is defined herein as the 
quantity of water, in gallons per day, flowing through a section of material 
perpendicular to the direction of flow and 1 sq ft in area under a hydraulic 
gradient of 100% and temperature of 60° F. A permeability coefficient of 0.1 
as thus defined is equivalent to a percolation rate, as defined by Proctor, of 
4.86 ft per yr. For an earth dam of uniform construction 200 ft in height, 
and 650 ft in average width, with a slope of 1 on 2.5, a top width of 20 ft, and 
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a 10-ft free-board (assuming the water-table just below the surface of the 
ground at the down-stream toe), a permeability coefficient of 0.1 gal per sq ft 
per day represents a leakage, when full, of approximately 2600 gal per day, 
or 0.004 cu ft per sec. Under certain conditions permeability coefficients 
exceeding 1.0 gal per sq ft per day might be allowable. 

The recent standardizing of methods for measuring and expressing perme- 
ability make possible a correlation of mechanical analysis and permeability 
coefficients.. Based upon the study of numerous permeability tests made by 
the Pacific Hydrologic Laboratory, and Hydrologic Laboratory, Water 
Resources Branch, United States Geological Survey, the statement can be 
made that regularly graded material having a degree of fineness sufficient to 
include at least 3% of clay, or ungraded material containing at least 25% 
of clay, when thoroughly compacted, is practically water-tight. Partly or 
poorly graded materials may be impervious if they contain less than 25% and 
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Fic. 5.—RBLATION OF IMPERMBABILITY TO GRADING. 


TABLE 5.—Permeasiuity Data PERTAINING To Fig. 5 


Permeability Permeability 
coefficient, in ; coefficient, in : 
gallons per Porosity gallons per Porosity 
Sample square foot | (percentage Sample square foot | (percentage 
per 24 hours of voids) per 24 hours of voids) 
(100% (100% 
gradient) gradient) 

TERSBR «oo sccssisecn sy 0.034 29.3 hE: oe ee Ae oer 13 34.9 
Tie s10¥. eee eXO. 010) 30.0 iss i ber a Cece ae 13 44.5 
L12-2* 0.516 Rages DF Nvatael ae. eons 18 bau 

Os. 0 36.2 DA id oe apathy ote ere 131 36.0 
mh ict, 0 35.8 Ces Me Orem pa HCC, 375 40.2 
Cent 1.6 37.8 OES EPP ae, Ieee 1 095 44,4 

1 gee OR ET Ra] ane 2.28 35..2 Sits or atAy Satles,< 6 200 31.9 


* The first three samples were graded approximately; the remainder were not graded. 
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more than 3% of clay, the quantity depending upon the departure from 
regular grading. These conclusions are illustrated by mechanical analysis and 
permeability data for a wide variety of samples as presented in Fig. 5 
and Table 5. 

Samples [15-810 and L15-S6 closely approximate regular grading, the 
mechanical analysis curves being roughly parallel to the regular grading curve 
for n = 0.33 (see Fig. 5). Sample 12-2, which conforms more nearly to a 
straight line, also has a rough grading, although not to the same degree as 
the other two. Sample [15-810, which approaches nearest to the ideal curve. 
contains only 6.5% of silt and clay and approximately 3% of clay. Its perme- 
ability coefficient is 0.01. Sample 215-S6, which is less well-graded, has a 
permeability coefficient of 0.034, and a clay content of 17. Sample 12-2, 
which is poorly graded and has only 9% of clay, has a permeability coefficient 
of 0.5. 

All other samples listed in Table 5 are ungraded. Samples 3 and 1, with 
57% and 29% of clay, are impermeable; but Sample 9, with 17.3% of clay 
and 53.1% of silt, has a coefficient of 1.6; and Sample 10, with 23% of 
clay and 21% of silt, has a coefficient of 2.28. Other samples with less than 
25% of clay have larger and larger coefficients as the size of the particles 
increase. Sample 47, with no clay and 54.7% of gravel, has a coefficient of 


6 200, as compared with the coefficient of 0.01 for the graded sample, £15-S10, 


with 3% of clay and 68.6% of gravel. 

These data illustrate in a striking manner the importance of grading, 
and confirm the statement that 3% of clay in graded, and 25% of clay in 
ungraded, material is sufficient to render it impervious. 

In passing, it should be noted in Fig. 5 that the mechanical analysis 
curves for graded materials are concave upward, steep in large sizes, and 
flattening out toward the fines; whereas ungraded materials. are convex 
upward, flat in large sizes, very steep in intermediate sizes, and either steep 
or flattening out in very fine sizes. These characteristics are useful when 
interpreting mechanical analyses with reference to permeability. 


WorKABILITY 


A workable material is one that ean be compacted readily into a fill of uni- 
form texture and high density by the use of mechanical equipment. In order 
to fulfill this requirement the material must compact easily, and not be so 
harsh as to cause the equipment to wear out rapidly, not so sticky as 
to delay the spreading and rolling operations. These qualities are controlled 
largely by the texture of the material. 

Materials that compact most easily are composed of well-graded gravel 
and sand with a silt and clay percentage of from 10 to 25 to supply lubrica- 
tion. The application of proper moisture percentage for maximum density 
also facilitates compaction. 

Harshness is produced by coarseness of grading either with or without 
the maximum size of particles, such as large pebbles and cobble-stones. The 
maximum allowable size of stone varies with the thickness of the layers 
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and the type of rolling equipment, whether flat or sheepsfoot. With 6-in. 
layers, cobbles should not exceed 5 in. in diameter. The allowable coarse- 
ness is also related to the type of equipment. As a general practice, values 
of n in Equation (1) should not exceed 0.50.- 

Stickiness is produced by high clay content. The allowable quantity can 
be varied, depending upon the type of equipment and time at which moisture 
is applied. In general, clayey material with a moisture percentage giving 
maximum density in compaction is not sticky in handling, provided the 
moisture is uniformly distributed through the mass. Clayey material is very 
slow to absorb water, however, and if worked immediately after sprinkling 
may be very sticky, even if the proper quantity of moisture has been added. 
This is due to the fact that the moisture content of the exposed surface with 
which equipment comes in contact is temporarily far greater than the critical 
moisture. If several hours are allowed after sprinkling for complete absorp- 
tion and distribution of moisture, no difficulty may be experienced. 

There are also other methods of overcoming stickiness which do not 
involve delay. The sprinkling of the rolled surface of the previous layer 
immediately in advance of dumping material for the new layer has proved 
successful. The exposed surface of the new material remains comparatively 
dry during the process of spreading and initial rolling, attaining an ultimate 
moisture content not in excess of the critical moisture after the water has 
moved slowly upward through the layer by capillarity. Another method is to 
sprinkle the material in the bank before excavation if natural moisture is 
much below the critical. In some instances, rainfall will moisten the soil 
in the bank or borrow-pit to a sufficient depth to bring the moisture content 
up to the percentage desired. 


INSOLUBILITY 


An obvious requirement for permanency in an earth dam is that the sub- 
stances composing the individual earth particles must not be soluble. Gypsum 
and lime are frequently encountered in sedimentary rock formations and 
may appear in alluvial deposits either as incrustation or nodules occupying 
voids, or as particles of the original material. Although these substances 
are not as readily soluble as rock salt or alkali incrustations, percolating 
water will dissolve and remove appreciable quantities in time, rendering the 
fill more porous and threatening its stability and water-tightness. 

The presence of soluble substances can usually be detected by simple 
observation, aided sometimes with a pocket microscope or an acid test. 


Cost or HANDLING 


Other requirements having been satisfied, the cost of handling the material 
is of final importance. Handling includes the operations of excavation, 
transportation, spreading, and rolling. Important factors affecting the cost 
of material taken from a given bank or borrow-pit are the distance and 
relatiye elevation from the dam, the quantity of satisfactory material avail- 
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able with reference to the volume of the dam, and the clay content of the 
material. The relation of these factors to cost is well understood and needs 


no discussion. 


MecuanicaL ANALYSIS AS A BASIS FOR SELECTION 


Of the five requirements for judging the suitability of material for rolled- 
fill earth dam construction (cited previously), the three most important are 
stability, water-tightness, and workability. There is an intimate relation 
between each of them and the mechanical composition of the material. Sta- 
bility and water-tightness are both secured as a result of regular grading 
of particle sizes and compaction of material; grading is entirely a matter of 
mechanical composition. In order to be effective permanently, compaction 
necessitates the establishment of limits for the clay and silt fractions. Work- 
ability also involves limits, both for fine and coarse fractions. This suggests 
the possibility for using mechanical analysis as a preliminary basis for the 
selection of material. 

Examination of mechanical analysis curves for a variety of materials, 
such as those shown in Figs. 1 and 5, discloses great divergence in slopes, 
curvature, and terminal points. Even between fixed terminal points an almost 
infinite number of curves are possible. Such curves represent material 
varying from well-graded to uniform size of particle, from dense to very 
porous, and from impermeable to highly permeable. As these extremes result 
not only from variation in particle size, but also from variation in grading, 
it is apparent that if any method of selection based on mechanical analysis is 
to be successful, it must include limits of size as well as of departure from 
regular grading. If specified from the graphical standpoint, this means that 
in referring to the mechanical analysis diagrams, limits in shape and slope 
of curvature must be consideréd as well as limits in area. To establish such 
limits, it is proposed, first, to set up limits of particle size for coarse and for 
fine materials; and, second, to prescribe curvature limits based upon both 
degree and fineness of grading. The establishment of a size limit for coarse 
materials has already been attempted“ by E. W. Lane, M. Am. Soc. O, E., 
but, to date, no attempt has been made to establish limits for size of fine 
materials, nor for degree and fineness of grading. 

Before proceeding to details, it should be noted: First, that the terminal 
points of a mechanical analysis curve indicate size limits; second, that the 
slope of a mechanical analysis curve indicates the fineness of grading as 
numerically represented by the value of n in Equation (1); and, third, that 
the shape of a mechanical analysis curve indicates the degree of grading, if 
any, as numerically represented by departure from Equation (1). It thus 
appears that two sets of limiting curves are desirable, one applying to 
regularly graded materials and the other to ungraded materials. Between 
these limits will lie the poorly graded materials. Figs. 6 and 7, with Table 6, 
illustrate the range of the proposed specifications for limiting curves for 
graded and ungraded materials. 


14 Angineering News-Record, December 18, 1930, p. 961. 
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TERMINAL POINTS FOR 


Curves (Snr Fics. 6 anp Graded 
iv 7) materials; 
Class"of material’: | oo 2 et | tvalues of n Ungraded materials; Remarks 


Maximum | Minimum 
particle size, | percentage 
in millimeters | of clay 


in Equation 
arr) 


Se he ke 128* 3 to5 0.33 Straight lines from terminal points to 
10% less than 0.15 mm. 
Intermediate....... 128* to 0.6+ 3 to 30 0.33 to 0.25 | Approximately parallel to the fine limit 


and the upper arm of the coarse limit, 
but not crossing the lower arm of the 
coarse limit. 

ILE Heitey sh Pe ans oxiancite.d 0.6 30 0.25 Straight line. 


* 5 in. + No. 28 mesh. t Particle size, 0.005 mm. 
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These specifications are designed to fulfill the requirements for stability, 
water-tightness, and workability. They are believed to incorporate standard 
practice as modified by recent laboratory research in earth testing. Compari- 
son with Professor Lane’s “approximate upper limit of material suitable for 
impervious sections of rolled-fill dams”, shows that it coincides with the upper 
arm of the proposed limiting curve for coarse ungraded material, but not 
with the lower arm. The mechanical analysis curves of material from exist- 
ing dams used by Professor Lane as a guide terminate at 0.07 mm in the 
sand fraction, with from 6% to 10% passing. It is possible that these curves, 
if extended, would show a clay fraction of 3%, or more. If so, and this frae- 
tion were considered, the lower portion of Professor Lane’s approximate upper 
limit might have corresponded with that herein proposed. 

It is also to be noted in connection with the approximate upper limit 
proposed by Professor Lane, that it does not apply to graded materials. 
Mechanical analysis curves of the latter, satisfactory for the construction 
of rolled-fill dams, may lie beyond this limit in the sand, gravel, and pebble 
fractions, provided such material contains at least 3% of clay. 

In applying the proposed limits to determine the suitability of a material, 
it is not sufficient that the mechanical analysis curve should lie between 
the respective coarse and fine limiting curves; it must also have a shape 
corresponding to, or approaching, that of the limiting curves. If it does 
not have sufficient upward concavity to fit or approach the curvature of limit- 
ing curves for graded material, it may then be compared with the limiting 
curves for ungraded material. If it has too much downward concavity to 
follow or approach these curves, as in the case of Samples 215-89 and [1-1 
in Fig. 3, the material may not be suitable for use in the impervious part of 
a rolled-fill dam. The deciding factor is, therefore, the clay content, which 
should slightly exceed that required to fill the voids in the granular part 
of the material, allowing compaction to occur without completely closing 
the gaps between individual grains. As an illustration, Sample 15-89, 
composed of graded sand and silt with 17% of clay, is entirely satisfactory, 
whereas Sample L1-1, consisting of fine sand with no clay or silt, is not 
suitable. 

The selection of material from mechanical analysis data, although believed — 
to be practical, is more or less preliminary in character at present and sub-_ 
ject to modification as the result of more positive tests, such as compaction, | 
permeability, ete. 

These criteria for selection of earth material for rolled-fill dam construc- 
tion are presented in the hope that they will bring forth discussion and 
additional data, from which may be evolved a basis for preliminary selection 
generally acceptable to the profession. 
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INTERACTION BETWEEN RIB AND SUPERSTRUC- 
MURE IN: GONCRETE ARCH BRIDGES 


By NATHAN M. NEWMARK,! JUN. AM. Soc. C. E. 


SyNopsis 

Certain phases of the interaction between the rib and spandrel structure 
of concrete arch bridges are discussed herein with a view toward relating the 
action of the structure to the system of classification of indeterminate struc- 
tures presented in 1935 by Hardy Cross’, M. Am. Soc. C. E. 

Certain limiting cases of the arch with integral superstructure are normal 
and can be designed directly from the results of a preliminary analysis. Struc- 
tures in which either the rib or the deck girder develop all the flexural 
resistance are normal. A third type of structure having normal characteristics 
for most cases of loading is similar to a Vierendeel truss, with rigid columns 
and with floor and rib of approximately equal stiffness. 

Other structures are hybrid and cannot be designed for given working 
stresses by the traditional procedure of repeated analysis and design. How- 
ever, where the columns are flexible the action of the structure can be pre- 
determined and the stresses can be predicted and controlled within reasonable 
limits. 

In the case of the hybrid structure, the same degree of economy and safety 
can generally be obtained by designing the rib to carry all the load, and by 
neglecting the effect of interaction on the deck, as can be obtained by taking 
account of interaction by the traditional procedure of repeated analysis and 


design. 


INTRODUCTION 
The usual treatment of an open-spandrel arch bridge as a rib without 
restraint due to the superstructure is clearly incomplete. Interaction between 


Norr.—Discussion on this paper will be closed in December, 1936, Proceedings. 

1 Research Associate in Civ. Eng., Univ. of Illinois, Urbana, Ill. 

2The Relation of Analysis: to Structural Design,” Hardy Cross, Proceedings, Am, 
Soc. C. E., October, 1935, p. 1119. 


; 
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rib and spandrel structure is inevitable as long as the parts of the structure 
remain continuous; but the fact that arch bridges designed by a pro- 
cedure neglecting deck participation have apparently given good service, 
seems to indicate that interaction is relatively unimportant. However, 
arches so designed have been primarily “dead load” structures, carrying rela- 
tively light live loads and resisting live load flexural stresses effectively by 
virtue of the heavy dead load compression in the rib. In such an arch, when 
built of the proper shape, the greater part of the stress is as definitely deter- 
minate as for a statically determinate structure. It seems scarcely necessary 
to add that this type of arch bridge is entirely different in essential structural 
characteristics from a structure of the same shape designed to carry relatively 
heavy live loads, particularly when the size of the rib is reduced by shifting 
material from the rib to the posts and floor. 

The Final Report of the Special Committee of the Society on Concrete and 
Reinforced Concrete Arches® has called attention to some phases of the sig- 
nificance of interaction. For example, in Section I, Article 38, Conclusion 7 
(b) suggests that live load stresses be determined considering the structure 
as a whole and not the rib alone, “because of the effect of the deck participa- 
tion upon the stresses in the deck and columns rather than because of its effect 
upon the stresses in the rib”; and, again, Conclusion 9 points out that, 


“A deck without intermediate expansion points, constructed so as to act 
with the rib in carrying loads, reduces the magnitude of the live load moment 
at the springing where the deck does not increase the strength of the struc- 
ture; and it increases the moment over the central portion of the span 
where the strengthening effect of the deck is greatest.” 


There seem to be two not very clearly defined and sometimes conflicting 
points of view in the Committee’s report and elsewhere in the technical litera- 
ture on the subject of interaction: (1) That interaction is a source of danger 
and should be avoided if possible by means of joints and hinges or by other 
means of articulation; and (2) that interaction presents an opportunity to 
effect marked economies in design by taking advantage of its favorable 
aspects. This latter point of view is best shown by a review of a paper‘ 
which states, “French engineers have shown Americans that remarkably light 
and efficient concrete bridges can be designed by considering the spandrel 
columns and floors as integral with the ribs.” 

Previous Investigations—Any of a number of analytical methods may be 
used for the determination of stresses in an arch with superstructure. Most 
of them were developed primarily for trusses without diagonals and for 
building frames. In general, they will be found to consist of variations in 
either of two fundamental procedures: 


(1) Maxwell’s procedure in which cuts or hinges are introduced at enough 
points in the structure to make it statically determinate and then forces are 
found to produce continuity. 


* Transactions, Am. Soc. C. E., Vol. 100 (1935), p. 1427. 


+“Integral Arch Action” by George EB. Beggs, M. Am. Soc. C. E., le i i 
Societies Library ; reviewed in Civil Engineering, December, 1933, p. ’ 697, pare eae | 


: 


’ 
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(2) A method used by Hardy Cross,> similar to Ostenfeld’s deformation 
method, in which various independent sets of joint displacements are pro- 
duced and the forces involved are determined. These independent configura- 
tions are then combined in such proportions as to give the forces acting on 
the structure. 


Several approximate analytical-methods® have been suggested but are not 
generally available. Various simplifying assumptions permit a fairly rapid 
solution of the problem. The writer has made studies of different types of 
arch bridges using methods of analysis’ that he has adapted, in order to test 
the validity of the simplifying assumptions that have been. suggested... In 
general, none of the approximate solutions is applicable to a wide range of 
structural types. Exact methods of analysis require almost as great an expen- 
diture of time and effort as that necessary for the completion of an accurate 
model analysis. 

Analyses by means of models using the deformeter gage introduced. by 
George E. Beggs®, M. Am. Soc. C. E., and by models using the polarized, light 
method’ have been made. Deformeter model analyses are reported in articles 
describing the arch viaduct, at Ashtabula, Ohio,” the George Westinghouse 
Bridge”, in Pittsburgh, Pa., and the Raritan River Bridge, in New Bruns- 
wick, N. J*. In these cases it should be noted that revision in design was 
not always made from the results of the analyses. 

A model analysis was used to check a simplified theoretical analysis of the 
Grandfey Viaduct, in Switzerland. It is not clear from the article whether 
any advantage was taken of interaction in the design of the rib.. From its 
size it would appear not., It may be noted that“ “greater stresses are conceded 
for the superstructure than those for the main arches” due to the deformation 
of the arches resulting in a greater loading of the superstructure than that 
contributed by direct loading alone. 

The experimental method may be summarized briefly as the determination 
of stresses in a prototype loaded in a manner similar to: the actual structure. 


5 See, for example, “Continuous Frames of Reinforced Concrete,’ by Hardy Cross and 
N. D. Morgan, Members, Am. Soc. C. E., pp. 105, 228; and 236. 

6“Statically Indeterminate Structures,’ by Hardy Cross M. Am. Soc. C. E., pub. in 
mineographed form, 1926, p. 167; see, also, “The Effect of ‘Temperature Stresses in 
Open-Spandrel Arches of Reinforced Concrete, iv by M. F. Lindeman, Thesis submitted in 
partial fulfillment of the requirements for ’the degree of Master of Science in Civil 
Pngineering, Univ. of Illinois, 1930. 

7 Interaction Between Rib and Superstructure in, Concrete Arch Bridges”, by N. M. 
Newmark, Jun. Am. Soc. C. E., Thesis submitted in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy, Univ. of Illinois, 1934 (prepared under the 
supervision “of Professor Cross). 

8 “Model Soares of a Reinforced Concrete Arch” (Yadkin River Bridge), by J. T. 
Thompson, M. Am. Soc. _C. H., Public Roads, Vol. 9, No. 11, January 1929 p, 209; eng 
‘Deck Participation in Concrete Arch Bridges,” by A) #. Finlay, Assoe. M. Am. Soe. C. 
Civil Engineering, November, 1982, p. 685. 

®“Cours de Beton Armé,”’ by A. Mesnager, Paris, 1921, p. 2238. 

10‘“Heatures of an Open-Spandrel Arch ues ” by J. R. Burkey, Engineering News- 
Record, Vol. 101, No. 25 (December 20, 1928), p. 919. 

11**A Concrete Arch of 460-ft. Span, ” by G. S. Richardson, M. Am. Soc. C. BE., 
Engineering News-Record, Vol. 106, No. 17 (April 23, 1931), p. 680. 

12 “Two High Traveling Towers with Chutes Place Concrete on New Brunswick oe ibe 
Arch Bridge,’ by Morris Goodkind, M. Am. Soc. C, E., Engineering News-Record, Vol 
No. 8 (February 20, 1930), p. 317. 

1% “Construction of the Cree Viaduct,” by Adolph Biihler, Proceedings, Am. 
Concrete Inst., Vol. 23 (1927), p. 489. 

14 Loo. cit.., p. 526. 
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The most notable examples of experiments on arches with decks have been 
those conducted on the Yadkin River Bridge” and the series of experi- 
ments” by W. M. Wilson, M. Am. Soc. C. E., at the University of 
Illinois, on concrete models. It is important to note that in these experi- 
ments cracking and disintegration of the superstructure occurred in tests to 
destruction, the superstructure being affected almost to the same extent as 
the rib, although the loading was chosen so as to produce maximum stress 
in the rib. 

Object of Present Study.—This paper relates certain phases of the behavior 
of arches with integral spandrel structure to the general philosophy of design 
presented recently by Hardy Cross’. It is not concerned with methods of 
analyzing stresses, nor with the details of design; it develops what is believed 
to bea rational point of view of the problem, and presents material leading to 
a possible basis for design. 

The variables involved in this problem are numerous. The mere compila- 
tion of data, whether from experience, experiment, or analysis, does not always 
assist in clarifying a problem in which the variables are so numerous and 
difficult to separate; but with the classification of indeterminate structures 
developed by Professor Cross, one has available the basis for classifying and 
interpreting data bearing on the subject, or on related problems concerning 
other types of structures. 

It is necessary to supplement experimental and analytical data with infor- 
mation pertaining to experience. What evidence, if any, is there of over- 
stress in the floors, columns, or ribs of arches that have been constructed ? 
Where have cracks occurred, and in what type of structure? That is, what 
are the relative stiffnesses of floor, columns, and rib, and where are the expan- 
sion joints (if any) located? The writer hopes that those who have infor- 
mation along these lines will ‘contribute to the discussion. He would ask a 
further question: Has an arch bridge actually been designed and constructed 
taking interaction into account, and what changes in floor, columns, or rib 
were thereby made possible, or became necessary ? 


INTERPRETATION oF StRuUcTURAL ACTION 


Classification of Indeterminate Structures.—In revising the design of a 
member in an indeterminate structure from the results of an analysis, it is 
necessary to know how the stress in the member will be affected by revision 
in its proportions, and by revision in the dimensions of other members in 
the structure. Professor Cross has defined qualitative types of structural 


action in terms of the response of the member to changes in design?”. 
a NN ee 


% “Loading Tests on a Reinforced Concrete Arch,” by A. L 
Public Roads, Vol. 9, No. 10, December, 1928, p. 185. if » Gemeny, and: Weel Eas aly 


16 “Laboratory Tests of Reinforced Concrete Arches with Decks’ i 
Bulletin 226, Eng. Experiment Station, Univ. of Illinois, 1931: eee Teka 
Multiple-Span Reinforced Concrete Arch Bridges,” by W. M. Wilson, Transactions, Am 
Soc. C. E., Vol. 100 (1935), p. 424; and “Laboratory Tests of Three-Span Reinforced Con. 
crete Arch Bridges with Decks on Slender Piers”, by W. M. Wilson and R. W. Kluge 
Jun. Am Soc. C. E., Bulletin 270, Eng. Experiment ‘Station, Univ. of Illinois, 1935. ie 


Proceedings, Am. Soc. C. E., April, 1936, p. 536, 
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Briefly, the following types of action are defined, resulting either from external 
fixed loads or from imposed fixed deformations on the structure: 


(1) Participation defines the action in which non-load-carrying or nui- 
sance stresses are developed in a member due to very nearly fixed strains 
resulting from the deformation of the load-carrying members; 

(2) Normal action corresponds to a very nearly fixed magnitude of the 
forces and moments acting on a member, and is developed when the forces 
acting on the member are practically independent of the size of the members 
in the structure; and, 

(8) Hybrid action is best defined as action in a range intermediate between 
participation and normal action, where forces, moments, and strains are 
dependent on the size of the member considered, or on the proportions of other 
members in the structure. 


It follows that, in redesigning a member found by analysis to be over- 
stressed, participation stress can only be lessened by reducing the strain the 
member must undergo; for example, linear strain due to angle changes is 
easily reduced by decreasing the depth of the member. Normal stress can be 
reduced by increasing the size of the member, but hybrid stress may be 
either increased, decreased, or unchanged when the size of the member is 
increased. Where maximum stress arises from a combination of circum- 
stances it is necessary to keep in mind the relative importance of the different 
factors contributing to the stress in a member in arriving at a design. 

Load-Carrying and Nuisance Stress—In considering the significance of 
over-stress, it is convenient to make a distinction between stresses depended 
upon to “carry the load” and secondary or nuisance stresses resulting from the 
action of the structure but having no useful function. Over-stress in nor- 
mal action is serious. Over-stress due to participation is dangerous only to the 
extent that the ability of the member to perform its primary function is 
impaired. Over-stress in hybrid action may or may not be serious depending on 
whether the structure may “carry the load” safely in another way when the 
over-stress becomes large. In this connection, the significance of chance 
factors in the properties of the material becomes important. 

The fact that the superstructure of an arch bridge is slightly overstressed 
is not always serious if the superstructure is not depended upon to reduce the 
stress in the rib. If it is possible to reduce the size of the rib of an arch _ 
bridge because of interaction, but if at the same time the superstructure 
must be strengthened and if the resulting structure is neither appreciably more 
economical nor certainly more safe than the structure as designed neglecting 
interaction, then the process is futile. 


Some Puases or Interaction BerwEen Rip anp SpaNDREL STRUCTURE 


Results of Analyses; Moment Diagrams.—The writer has made analyses 
of different arch structures but, for the reasons stated previously, finds it diffi- 
cult to draw empirical conclusions concerning interaction from the results of 
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these analyses. However, some of the data obtained are of interest in show- 
ing, qualitatively, the effect of interaction, and are presented for that purpose. 

One of the series of arches analyzed consisted of a set of five-panel struc- 
tures having different decks, all with practically the same rib. Sketches of 
the structures are shown in Fig. 1. The rib is parabolic in shape with the 
moment of inertia varying directly as the secant of the angle of inclina- 
tion with the horizontal. Reveral different values of moment of inertia 
of deck and columns were con- 
sidered. ‘In Fig. 1, all the struc- 
tures are symmetrical about the 
center line. The dimensions denote 
Sethe we relative distances and the relative 
too {| _{Tcos #= Constant , moment of inertia is given as J. 


B c oy epee 


5@4=22_——>| The structure with a high deck is 
(a) RIB WITH HIGH DECK 


shown in Fig. 1(a), the structure 
with a low deck and an infinitely 
stiff saddle at the crown is shown 
in Fig. 1(0), and the structure con- 
sisting of a flexible polygonal rib 
with a stiffening, girder is shown in 
Fig. 1(c). Except for the saddle, 
the rib in Fig. 1(0) is the same as 
that in Fig. 1(a). 

Consider the particular structure 
shown in Fig. 2(a) loaded with a 
force, P, and having reactions, R. 
Let H denote the horizontal com- 
i, 7 | Fn anata , ponent of the reactions, and let V 

[ls @ y29_________»| denote the vertical components, At 
() FLEXIBLE RIB WITH STIFFENING GIRDER any vertical section through rib and 

Fic, 1.—Typns or ARCH STRUCTURES deck, such as y-y, the sum of the 

ANALYZED. ° : ‘ 
horizontal components of the forces 
in rib and floor must equal the horizontal component of the reactions: 


Total H =o H to rib =H. in Oot. 0: i. sends ae 


Furthermore, the sum of the vertical components of the forces in rib and 
floor must equal the total vertical shear, V, at the section: 


Total’V‘=°¥' in’ rib +} Voin floor) 42. oe a 


Curves of V and H are shown in Fig. 2(a) with the numerical values of 
the total forces given on the diagram. The part of V and H resisted in the 
floor is shown by the stippled areas, and the remaining areas denote the part 
of V and H resisted in the rib. The change in the part of H resisted in the 
floor at the column points represents the shear in the column. 


“MOAd HOI HLIM aIY NO 9 LINIOG LV GvOT LINQ V AO SWyuoVIC TNANOW— SG “DIA 


t=SNAN109 GN3 O=SNWN109 

> Rd BHINIANI =SNWN109 HO!NSLNI %=y0014 ‘ 

9 Sry, 0=Hy0014 V=NMOHO LV BIH *WILYANI JO SLNSWOW 3AILVI34 (2) 
: v=NMOHO LV SIH ‘VILYSNI JO SLNIWOW BAILVI34 (P) 
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The total moment, M, about the centroid of the rib at the section con- 
sidered is resisted by flexure in the rib, by flexure in the floor, and by the 
moment of the horizontal thrust in the floor about the centroid of the rib: 


Total M = M in rib + M in floor + Z in floor 
x (distance between floor and rib)........+-.+-++- (8) 


The curve of total moment about the centroid of the rib is shown in Fig. 
2(a) as the vertical ordinate between the pressure line for the loads (the 
heavy dot-dash line) and the axis of the rib, since the value of H is constant 
for the entire length of the structure. To this same scale, the shaded areas 
plotted on the rib, columns, and floor as bases, represent the diagrams of 
moment for these members, plotted on their compression side. The moment 
in the floor is replotted on the pressure line as a base, and is shown by 
the cross-hatched areas in the diagram. The remaining area of total 
moment in Fig. 2 is then the moment about the centroid of the rib due 
to horizontal thrust in the floor. The three parts of the total moment diagram 
show, then, the relative values of the three sources of resisting moment. 

The moment diagrams for the arch with high deck of Fig 1(a) for a 
unit load at Point C is shown in Fig. 2 for relative moments of inertia of rib 
at crown, floor, and columns of 4, 4, and 1 (Fig. 2(a)), 4, 4, and infinite 
(Fig. 2(b)), 4, 4, and zero (Fig. 2(c)), and 4, zero and infinite (Fig. 2(d)), 
respectively. For the structures with columns of infinite stiffness, the end 
columns have relative moments of inertia of 1 compared to the rib. The 
moment diagram for the arch with a low deck of Fig. 1(b) for a unit load at 
Point C is shown in Fig. 8 for relative moments of inertia of rib (except for 
the infinitely stiff saddle at the crown), floor, and columns of 4, 4, and 1, 
respectively. 


RELATIVE MOMENTS OF INERTIA: RIB AS IN FIG. 1(b) 
FLOOR=4 
COLUMNS=1 


Fic. 3.—MOMENT D1aGRAM FOR UNIT LOAD aT Point CO on RIB WITH 
Low DrcK AND SADDLE, 


To facilitate comparisons with the moments for a rib without super- 
structure, the points on the diagrams through which the pressure line passes 
for the corresponding rib without deck for a unit load at Point C, are 


=" 
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indicated by the small circles at the springing and at the load point. The 
value of H for the bare rib is indicated on the diagrams. 


Typical Influence Lines.—Typical influence lines for moment and flexural 
stress in rib and superstructure are shown in Fig. 4. They were computed 
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Fig, 4.—TypicaL INFLUENCE LINES FOR ARCH WITH HIGH D#&CK. 


for the single-span structure having a high deck without expansion joints 
tested by Professor Wilson, a drawing of which is shown in the Final Report 
of the Special Committee on Concrete and Reinforced Concrete Arches.” 

The broken lines in Fig. 4(b), Fig. 4(c), and Fig. 4(d) show the influence 
lines for “primary stress” in the superstructure, defined as the stress with 
the deck and columns considered acting as a continuous frame fixed at the 
column bases. The differences between the full and broken lines in these 
diagrams indicate the relative effect of interaction on the moments. It is 
noted that the interaction effect in the floor at the end of a panel is so great 
that the sign of the moment for live loading is changed from that corre- 
sponding to primary action. 

2» Transactions, Am. Soc. C, E., Vol 100 (1935), p, 1486, Fig, 41(q). 
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The scales for flexural and direct stress shown in the diagrams are com- 
puted on the basis of an uncracked concrete section, neglecting the steel 
reinforcement. The values obtained show the relative effects of moment in 
the various members considered. It appears that for a single concentrated 
load on the structure for which the influence lines are shown in Fig. 4, the 
maximum live load flexural stress at the base of Column 3 is approximately 
1.4 times the live load flexural stress in the rib at the same load point, when 
the concrete is assumed to be capable of taking tension. A comparison may 
also be made of the flexural stress at the base of Column 3 with the maximum 
stress in the corresponding bare rib at the same point due to a single concen- 
trated load. One finds the relative values of these stresses to be 0.67 in the 
column to 1.0 in the rib. 

Stresses Due to External Imposed Deformations.—The effects of tempera- 
ture change, spread of abutments, or rotation of abutments, are qualitatively 
similar. As an indication of the effect of such influences on the moments in 
the structure, comparisons have been made for structures of the type shown 


TABLE 1.—Moments Dur ro a Unir Cuance in Span For Rip wit Vartous 
Types or Deck (See Fic. 1). 
(Sign of moments corresponds to ,a shortening of span; positive moment 
produces compression at top of rib and girder, and compression on 
left side of column.) 


Bare rib Rib 
Structure with Rib with high deck with 
saddle sd 
deck 
Moments of Inertia: 
Rib at crown........ = 4 4 4 “d 
Girder Wee ee cnsietltateucs es eka tees s 4 0 0 4 
End column). :../...6}. sc .ceces |e voce tee 1 1 1 1 
Interior columns. .....].........}.....0005 Infinite 1 Infinite 1 
Height to neutral point 2.750 1.451 2.914 1.826 2.278 
Springing Reaetions: 
ele cue seee 0.1489 0.5224 0.1341 0.3662 0.2461 
ESE Me does ctewmnlne 0.3957 0.7578{ 0.3908 0.6685 0.5607 
Rib: Moments: 
Ma Bhat scales’: 0.3957 0.7363} 0.3554) 0.6330) 0.4949 
PSone.  aomonad —0.0360 —0.5310) —0.0306] —0.4491] —0.1611 
Me ciachis. anaes —0.0360 0.4526] 0.0453] 0.5091) 0.0029 
Mes, ogists pinnae —0.2518 —0.2804) —0.1802) —0.4426) —0.1845 
Moe! ..-ele-002-.| 0.1408) 200.200. 0.1732} —0.0960] 0.1124).........]......... 
Mer: «<c<52060 +s.) —0.1600].......2. —0.0901) —0.1321) —0.0586).........).......0. 
Girder Moments: 
Papen ant iasca| Mn anceea | onvsaise 0.0279} 0 0 —0.0116 
BArdsstiarsacbalimed Se eels ee ees —0.2749] 0 0 —0.0475 
OSes cibale eine | colt is ric acie iene 0.3304 0 0 0.0843 
eS Aree Peers Parone —0.4026| 0 0 —0.2961 
PR a MON iL OO DERE —0.0023| 0 O Wee tee 
GPs dla hlede a EUR C LS, RUC TS ae Oe —0.0023} 0 Oh Se eee 
Column Moments: 
Tops Ma Rebate veil nidenrsuiecls lates atetetios —0.0279} 0 0 0.0116 
Ms Peed Als attiete eels cone sae —0.6054) 0 ai) —0.1318 
Meee eevee ferences fee ee ee ees —0.4002} 0 - Of si Ake Sool Seeks 
Base: Ma SUR EIOG Ieee eect —0.0216] —0.0355) —0.0355} —0.0658]... 
Ms Reinet ramieidisi atecele hata | ectacc ataeee 0.9836] 0.0759} 0.9583} 0.1640]. 
Pacroriiccn Goss ose mereen ae 0.4536] 0.0842) 0.5550 


* Infinitely stiff saddle at crown; otherwise, rib same as bare rib. 


——— 
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in Fig. 1. Data are shown in Table 1 for springing reactions and moments in 
all members due to a unit change in span for an arch rib with various types 
of deck. The effect on the rib of interaction with the deck is to increase the 
temperature moments considerably. 

Consider the deformations of an arch structure with deck due to a given 
change in span. If the columns have little stiffness and the floor, at all 
sections, has the same relative stiffness to that of the rib, the change in 
shape of the rib will not be altered by the superstructure. Consequently, 
in such a structure, the temperature flexural stress in the rib will be the 
same as in the bare rib. However, there will be temperature flexural 
stresses in the floor, which will be to the temperature stress in the rib 
at any section as the depth of the floor is to the depth of the rib at that 
section, since the deflections (and, consequently, angle changes), of the rib 
and floor are the same. Note that the direct temperature stresses will be 
higher in the composite structure than in the free rib, but the direct stresses 
are comparatively insignificant. 

If the floor has, say, a constant moment of inertia and that of the rib 
varies, and the columns still have very little stiffness, the change in shape of 
the rib due to a given abutment movement will be altered somewhat from the 
change in shape of a free rib since the composite structure is relatively 
more stiff at the crown than at the springing compared with the free rib. 
Hence, there will be a greater distortion in the haunch and near the springing 
with a relatively higher temperature stress in the composite structure at those 
points than in the bare rib. 

Consider now the effect of the columns. Since, in general, the columns 
stiffen the structure and the given displacement must take place, there will 
be correspondingly greater distortions in the rib with stiffer columns; and, 
hence, there will be greater deformation stress in rib and floor with stiffer 
columns. The columns also will have high moments due to deformations. 

The increase in relative stiffness of the crown of the composite structure 
over the crown of the free rib causes a reduction in maximum live load 
moment at the springing, but this same cause produces inevitably an increase 
in temperature flexural strain at the springing. The fact that one effect 
cannot exist without the other is worth some emphasis. 

The significance of high deformation stresses is a matter of judgment. 
They are almost certainly not as serious in concrete as stresses due to loads. 
Attempts have been made to reduce stresses due to these causes by expansion 
joints and other articulations in the deck of the bridge. These attempts are 
not always successful, sometimes merely localizing the effect, particularly in 
the case of expansion joints at the ends of a saddle in a low deck bridge. 

It must be noted that for structures in which interaction is depended 
upon to reduce stresses in the rib the stresses in the deck due to deformations 
and temperature changes are important in so far as they tend to cause crack- 
ing of the superstructure, for cracking of the superstructure reduces its 
stiffness and thereby the aid which it can render the rib. 
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Summary of Results of Analyses—A study of a number of influence 
lines and moment diagrams seems to indicate the following conclusions: 


(1) The maximum live load moment at the springing line and at inter- 
mediate column points on the rib of the integral structure is considerably 
reduced by the interaction with the deck. For intermediate column points 
the reduction may be of the order of 50% when the moment of inertia of the 
floor is equal to that of the rib. The moment between column points in 
the rib is reduced considerably more than the moment at the column points 
if the. columns are stiff. : ; 

(2) The interaction between rib and deck for live load adds to the primary 
moment in the floor at the center of the panel, computed as for a frame fixed 
at the column bases. At the ends of the panels, the interaction moment in 
the floor is opposite in sign to, and may be much greater than, the primary 
moment. 

(3) The interaction live load moments in the columns are considerably 
greater than the primary live load moments, even for slender columns. The 
interaction column moments are greatly increased by making the columns 
stiff. 

(4) Where the columns are quite stiff and the rib and floor have approxi- 
mately equal moments of inertia, points of inflection or points of zero 
moment are close to the center of all members for most conditions of loading. 

(5) Temperature and deformation strains at the springing in the rib of 
the integral structure are much greater than in a bare rib. Temperature 
strains in the deck are likely to be of the same order as those in the rib. 
The temperature strains are increased by making the columns stiff. 


Treatment of the Arch uith Superstructure as a Flitch-Beam.—lIf the 


spandrel columns of an arch bridge are quite flexible and closely spaced, it — 


is evident that the deflections, slopes, and angular changes along the arch 
rib must be equal to those along the floor (except for the change in length 
vf the columns, which effect will be neglected, but can be taken into account 
if necessary). Then all direct stresses due to thrust will be carried by the 
rib, and the relation between moments and flexural stresses in rib and floor 
can be predicted and controlled by varying their relative depths and moments 
of inertia. 

In other words, the structure can be designed as if it were composed of 
two members placed side by side as in a flitch-beam. This concept dates back 
at least to Rankine,” and has been used apparently by Considére.” Professor 
Cross* has discussed several new aspects of this treatment in connection with 
his system of classification. 

An analysis for the purpose of design may be developed along the lines 
of Professor Cross’ treatment as follows: The deck girder will have primary 


CT ‘iy a + 
“See “Civil Engineering,” Seventh Edition, 1871, pp. 3138-314; and other editions at 


approximately the same page numbers. 
* See, for example, ‘Cours de Beton Armé,” by A. Mesnager, Paris, 1921, p, 198. 
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stresses due to its action as a continuous beam. These stresses are due to the 
dead load of the deck only, and the entire live load. The arch rib will take 
all the thrust, most of which is due to dead load. Then the difference between 
the working stress and the primary girder stress is available to resist inter- 
action flexure in the girder. The difference between the working stress and 
the stress due to direct thrust in the arch rib is available to resist flexure 
in the rib. Temperature and deformation stresses may also be discounted 
from the working stress. 

The stress due to interaction flexure in the girder is to the flexural stress 
in the rib approximately as the depth of the girder is to the depth of the rib. 
The rib and deck resist the moment (except for primary moments) approxi- 
mately in proportion to their moment of inertia. 

A few rough figures will enable an estimate to be made as to whether a 
tentative combination of depths of girder and rib is efficient or inefficient, 
and will give some idea as to what can be done about it; for example, if the 
girder is found to be overstressed, it must be remembered that increasing 
the depth of the girder may increase interaction stress, although it 
decreases the primary stress. 

Analyses of several structures by the writer have indicated that for loads 
applied at column points, the approximation involved in the assumption that 
the columns are closely spaced is very good. This approximation is strictly 
true for the particular case of a two-hinged arch rib polygonal in shape with 
a deck composed of straight prismatic segments between column points, in 


which the ratio, CHT cos 8 )asox | has the same value in every panel. For 
(# I cos 8 )xip 


loads between column points it’ is necessary, for accuracy, to find, first, the 
column reactions, considering the floor as a continuous beam, and then to 
apply these reactions to the composite structure. 

Where there are expansion joints in the floor the total moment must be 
taken by the rib. Where the floor is not continuous over the springing the 
moment at the springing is resisted entirely by the rib. 

For certain cases it is possible that neglect of the columns will not be 
on the safe side. If the columns are stiff and the floor flexible there is 
considerable local flexure of the floor and the moments in the floor may be 
several times as great as those assumed on the basis of equal angle changes, 
unless the stiffness of rib and floor is of about the same order. 

Relative Importance of Sources of Stress.—The principal sources of stress 
for which an arch bridge is designed are dead load, hive load, and deforma- 
tions such as those due to temperature change, shrinkage, abutment move- 
ments, etc. 

Neglecting the effect of rib-shortening there will be no interaction stress 
for dead load if the pressure line for the weight of the rib and the dead load 
reactions of the deck acting as a continuous frame fixed at the column bases 
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fits the arch axis. With some reservations,” rib-shortening may be considered 
as deformation stress. The manner of constructing the structure must be 


considered in evaluating the effect of rib-shortening; for example, if the 


arch centering is struck before the deck is constructed, rib-shortening due 
to the weight of the rib will not cause interaction stress. 

The dead load-and live load moments in the floor considered acting as a 
frame fixed at the column bases (defined as the primary moments in the 
floor) depend mainly on the panel length. The interaction moments in the floor 
are a function of the relative stiffness of floor and rib as well as of 
the span length of the rib. Adjustments of the depth of floor and rib, there- 
fore, may make the interaction stress in the rib almost anything that is 
desired within reasonable limits. If it is desired to reduce interaction stress 
in the floor to a minimum, it is most easily done by reducing the depth of 
the floor by a proper choice of details and arrangement of framing. 

For very short arches, say, spans up to 50 ft perhaps, the dead load stress 
is relatively small compared to the live load stress for an open spandrel arch, 
but such short spans are usually constructed more economically with filled 
spandrels. For arches of perhaps 150 ft, or more, in length, the dead load is 
generally more important than the live load. For long-span bridges inter- 
action has no effect on the major part of the stress in the arch rib. In this 
connection it is interesting to note what has been written” concerning the 
design of the George Westinghouse Bridge of 412-ft span length: 


“A model study of the main span was made with the Beggs Deformeter 
to determine the stiffening effect of the superstructure. This study showed 
that the negative live load moment at the springing line would not exceed 
60 per cent of the moment calculated for the bare rib. When this moment is 


reduced to terms of fiber stress the reduction is only from 780 to 730 Ib. per 
sq. in.” 


A description” of the Raritan: River Bridge, in New Brunswick, N. J., 
with a span length of 202 ft, contains the following comment: 


“Each of the main arch spans consists of three hingeless ribs, 12 ft wide, 
designed as free ribs by the application of the elastic theory without taking 
into account the restraining action of the superstructure. The design was 
checked by the use of deformeter gages on a celluloid model, and the agree- 
ment with the analytical method was practically exact. A determination 
of the stresses in the rib was also made on a complete model of the rib and 
superstructure, and marked reductions in the moments, thrusts and shears 
were noted due to the stiffening effect of the spandrels and floor. However, 
since the superstructure was poured after the centering was struck, it does 
not relieve the rib of any of its dead load stresses. The braced condition of 
the rib is applicable under live load, but as the live-load stresses comprise 


but a small proportion of the total, no advantage was taken of the reduced 
stresses in a redesign of the rib.” 


In even shorter arch bridges it may be noted that a decrease in live 
load stress in the rib is to some extent offset by an increase in deformation 


* and temperature stress. 


21 6 
Relation of Analysis to Structural Des n,’”’ by Har SS 
C. B., October, 1935, p. 1119, especially p. cbs 7 Hy) Groped rpobedin( ee aea ae 
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Studies made of arch bridges in Allegheny County, Pennsylvania, for 
both springing and crown stresses for spans between 180 ft and 400 ft, led 
to the following conclusions”: 

“For the extreme condition considered,.the moment due to temperature 
and shrinkage was doubled to indicate the possible effect of additional moment 
from any cause such as a temperature drop or shrinkage greater than the 
assumed or movement of the supports. This investigation leads to interesting 
conclusions. Considering the extreme condition of combined stress, which 
gives an index to the ultimate safety of the rib, it develops that: 


“(1) The live load stress is a relatively small proportion of the total 
ranging from about 15 per cent for spans approximating 400 ft. to about 25 
per cent for short spans. These percentages apply to shallow ribs, and are 
smaller for deep ribs. 


“(2) The arch shortening stresses may become more than 50 per cent of 
the total for deep ribs.” 

The stresses in the columns cannot be estimated very closely. The columns 
are ordinarily not designed for moment in any case, and usually not even 
for direct stress. Their least dimension depends upon their height, and 
when all the columns are made the same width, this dimension depends on 
the height of the longest column. The columns may possibly be consider- 
ably overstressed in flexure due to interaction. This is not necessarily 
serious unless the columns are depended upon to reduce the stress in the rib. 

Various studies made by the writer seem to indicate that the column action 
is generally always hybrid. The effect on the column moments of increasing 
the size of the column, is demonstrated in Figs. 2 and 3. Moreover, even 
when the columns are so stiff that further increase in their section does -not 
attract more moment to them, the column moments are still sensitive to 
variations in the ratio between rib and floor stiffness. 


CLASSIFICATION oF ARCHES wiITH INTEGRAL SpANDREL STRUCTURE 

Rib with Flexible Deck.—If£ the superstructure is very flexible compared 
with the rib the interaction stresses, due to movement of the column bases, 
will be small compared with the primary stress in the deck, considering the 
column bases fixed. This type of structure is clearly normal with participa- 
tion stress in the deck. 

It is worth while to examine the possibility of reducing interaction 
stresses by detailing the superstructure so that it has a high degree of flex- 
ibility. Jack or spandrel arches and fascia beams may be omitted and 
the slabs framing into the floor-beams at each panel may be used to secure 
flexible construction. A structure so designed may possibly be overstressed in 
the deck, but the over-stress will not be serious since the deck is not depended 
upon to carry load. Any cracking in the deck will relieve the stress, but will 
not cause over-stress in the rib because the rib is proportioned to carry the 
entire load. 

A method for determining interaction stresses in a structure of this kind 
has been suggested by Hardy Cross.° The method is akin to that com- 
ace ep ee 


=«“The Desi, of Concrete Arches in Allegheny County, Pennsylvania,” by G. 8. 
Richardson, M. res Soc. C. E., Proceedings, Am. Concrete Inst., Vol. XXVII (1932), p. 650. 
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monly used to determine secondary stresses in bridge trusses and is as 
follows: For the given condition of loading determine the deflections of the 
column points in the arch bridge. In general, these deflections will be a 
horizontal and a vertical translation and a rotation. For these given deflec- 
tions find the stresses in the superstructure. If the forces at the column base 
are small compared to the loads acting on the arch, no revision is necessary. 
If they are not negligible a revision may be made by computing the addi- 
tional deflection of the arch rib due to these forces and revising the figures. 
If this revision is large, the method will not work. It may be used, how- 
ever, to determine whether or not the secondary stresses are serious in any 
particular case. 

The flexibility of the deck depends mainly on the panel length, and it is 
evident that decks of the same type and panel length in structures of different 
length will be practically the same in stiffness. The longer the arch bridge, 
the stiffer will be the rib. For structures of short and moderate lengths the 
deck, of necessity, will be fairly stiff as compared to the rib. The flexible 
deck type of structure will usually be found, therefore, in long spans. 

The Flitch Arch.—lIf it is necessary or seems desirable to make the 
floor fairly heavy, it is possible to make use of the flitch-beam concept in 
the design of the structure, and depend on the floor, but not on the columns, 
in interaction. Where both the rib and the floor are depended on to carry 
the load, the structure is hybrid, but the controlling relations are compara- 
tively clear; the designer can “tell the structure what to do” with reasonable 
assurance that it will act in the way he designs it. 

The particular case of a flexible flitch arch with stiffening girder is 
of interest. Several arches of this type have been built in Switzerland, 
Sweden, and Finland. The Landquart Bridge, in Switzerland, is of this 
type, has a polygonal rib about 10 in. deep connected by flexible columns 
to a floor supported by girders approximately 3 ft in depth. Stresses in this 
type of structure may be developed directly from the flitch-beam concept by 
considering a two-hinged arch rib having the shape of the given rib and a 


moment of inertia variation, in which ds is equal to de for the girder. 


The analogy holds for flexural stresses due to all causes, including rib-short- 
ening. Of course, all direct stresses are carried by the arch rib, including 
direct stress due to rib-shortening and deformations. The secondary flexural 
stresses in the rib may be obtained from the relation that the flexural stress 
in the rib is to the interaction flexural stress in the girder approximately as 
the depth of the rib is to the depth of the girder. This type of flitch arch 
is a normal structure with participation stresses in the rib eciae to the 
primary stress due to thrust. 

The flitch-beam concept may be applied to the structure with a saddle 
connecting the deck and rib, providing the columns outside the saddle are 
fairly flexible. The section through the saddle may be considered as having 


dition. 
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an infinite moment of inertia. It should be pointed out that stresses in such 
a saddle, even for given moments, shears, and thrusts, cannot be computed 
accurately by methods of elementary mechanics. Usually, it will not be 
necessary to compute the stresses since the resistance of the saddle to flexure 
is very high. If the deck outside the saddle is quite flexible it may be con- 
venient to consider the section common to rib and deck as a part of the rib 
alone, and neglect any other effect of the deck. The method of computing 
the participation stress in the floor suggested in the preceding section may 
then be used conveniently. 

The flitch-beam concept applies also to the through arch bridge having 
closely spaced steel hangers supporting the roadway. Where the roadway 
is used as a tie, the procedure with slight modifications may still be used. 
If the tie and the roadway have no flexural resistance the structure is what 
is ordinarily known as the bowstring arch, which may be analyzed conven- 
iently by the usual methods. The secondary flexural stresses in the road- 
way may be approximated as shown previously for similar structures. 

There is nothing in the flitch-beam concept requiring that the structure 
be symmetrical. Unsymmetrical arches may be treated in the same manner 
as symmetrical arches. f 

Arch with Stiff Spandrel Columns—tThe structure in which the effect of 
the columns is important is, in general, in the hybrid class. There are cer- 
tain exceptions. If the columns are quite stiff, and if the rib and floor have 
approximately equal moments of inertia, the structure has certain normal 
characteristics. The corresponding simply supported Vierendeel truss is a 
normal structure and can readily be designed. For the Vierendeel truss an 
approximate analysis preliminary to design may be made by assuming points 
of contraflexure in the center of all members and also that at any section 
the moments in rib and floor are equal. For the arch, it is necessary to take 
into account the fact that the supports are fixed. It is noted in this con- 
nection that the arched structure is hybrid to the same extent that a bare 
arch rib is hybrid for live loads. 

For the general case of the structure with moderately stiff columns, where 
the rib and floor are quite different in stiffness, the structure is certainly 
hybrid. It may be possible in certain cases to choose, arbitrarily, propor- 
tions which analysis will prove to be fairly satisfactory. In general, however, 
no definite rules can be given for the revision of such a design from the 
results of an analysis; nor is the stress in such a structure known certainly, 
-even for given dimensions, because of the effect of variations in physical 
properties of the different members. The hybrid structure, particularly the 
complicated hybrid structure of this type, may be quite sensitive to varia- 


tions within itself. It may be designed, of course, by choosing to neglect 


the uncertain factors. In any case it must be ascertained whether the 


neglect of these factors is on the safe side if any advantage is to be taken 


of interaction in the design. 


H 
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Errect or Expansion Jomnts AND OTHER TYPES OF ARTICULATION 


The articulation of the structure by means of expansion joints in the floor 
and hinges, rollers, and sliding joints in the columns, affects principally 
the columns. As far as the rib is concerned, due to articulation of the 
deck, the dead load stress is unaffected, the decrease in live load stress over 
that for the plain rib is less, and the increase in temperature stress at 
the springing over that for the bare rib is less, than for the structure without 
articulation. In the floor both the interaction live load stress and the tem- 
perature stress are decreased by articulation of the floor, but in the case 
of the live load stress the decrease is not appreciable several panels away 
from the articulation. 

Live load stresses in the columns are not always decreased by expansion 
joints in the floor. The expansion joint tends to localize the rib deformation, 


and, as a consequence, the neighboring columns may suffer. Temperature ~ 


stresses in the columns are probably reduced in all cases by expansion joints 
because of the decreased stiffness of the entire structure. 

Articulating the columns rather than using expansion joints in the floor 
is more effective in reducing the column moments, but the details of such 
articulations usually become quite troublesome. 


SUMMARY 


The most important points to be emphasized in this paper may be sum- 
marized as follows: 


(1) The net effect of interaction on the total stress for which an arch 
rib must be designed is normally quite small. The ordinary method of 
designing arch structures neglecting interaction is sound, in general,- since 
structures so designed have apparently given good-service. 

(2) The significance of over-stress in the superstructure depends upon 
whether the deck is counted upon to assist the rib in carrying the load. It 
may be possible to obtain greater economy by detailing floor and columns to 
reduce their rigidity, and hence their interaction stress, than by designing 
the superstructure to assist the rib. The conclusion that the deck always 
strengthens the rib must not be drawn too hastily. The possibility of a 
load cracking the deck and destroying part of the interaction must be con- 
sidered. Furthermore, stresses due to temperature and movements of founda- 
tions are high in the integral structure. 

(3) Certain limiting cases of the arch with integral spandrel structure are 
“normal,” and can be designed directly, but practically all such structures 


of the proportions usually built are hybrid, and cannot be designed for ~ 


given working stresses by the traditional procedure of repeated analysis and 
design. 

(4) An arch with a comparatively heavy rib and flexible columns and deck 
supporting relatively light live loads is a normal structure with participation 
stress in deck and columns added to the normal stress in these members 
due to their action in the continuous deck frame. 


ae 
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(5) Another “normal” type is the structure consisting of a flexible rib 
with a stiffening girder. There will be flexural participation stress in the 
rib, in addition to the normal stress due to the direct thrust in the rib. 

(6) A third type of structure having “normal” characteristics in certain 
cases may be described as an arched Vierendeel truss. This structure must 
have quite rigid columns, and floor and rib of approximately equal stiffness. 
The corresponding simply supported Vierendeel truss would be normal, 
but fixing the supports introduces complications. In this connection, it is 
important to note that the fixed arch rib has hybrid characteristics for live 
loads. 

(7) Other “normal” arch structures may be secured in various ways by 
the manner of construction or design involving the use of articulations and 
flexible sections. Such structures have well marked participation stresses at 
such articulations and pseudo-hinges. Of course, not all structures with 
hinges and joints are “normal.” , 

(8) In special cases applying to certain other arch structures which have 
hybrid characteristics the controlling relations are comparatively clear. The 
fliteh-beam concept applying to the structure with flexible columns has con- 
siderable value and leads to a definite design procedure. 

(9) For the general case where the columns must be of intermediate stiff- 
ness the structure is clearly hybrid, and there seems to be no convenient way 
of estimating in advance whether it can act as it is assumed to act in a 
preliminary analysis. Use of the traditional procedure of successive analysis 
(usually by means of a model) and design does not appear to be very promis- 
ing. Such a procedure might. easily be misleading, particularly where a 
re-design is based on an analysis which is not repeated for the new design. 
It is open to question whether a better structure is obtained by such a pro- 
cedure than by neglecting interaction entirely. 
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DISCUSSIONS 


INFLUENCE OF DIVERSION ON THE MISSISSIPPI 
AND ATCHAFALAYA RIVERS 


Discussion 
By E. F. SALISBURY, M. AM-.-Soc. C. E. 


E. F. Sauissury,” M. Am. Soo. OC. E. (by letter).“*—The frank criticism 
and constructive comments in the discussions are appreciated. The discussion 
by Professor Lane assists materially in clarifying the paper and the writer is 
practically in complete agreement with his views. 

Professor Lane points out that, prior to the removal of the rafts from the 
Atchafalaya River, probably the greater portion of the flow of the Red River 
reached the Mississippi River and that now (1936) only a very small part of 
it reaches the main river. This diversion to the Atchafalaya of a greater part 
of the flow of the Red River may have much more effect on the channel below 
Red River Landing than the flow that passes out of the Mississippi through 
Old River. 

The writer is not completely in accord with this view. If, during the 
period of this analysis, increasing volumes of water from the Red River were 
being diverted through the Atchafalaya, a resulting detrimental effect on 
the main channel is not questioned. However, although the Atchafalaya River 
has greatly increased in cross-sectional area, during the period of this study, 
it has not increased materially in discharge capacity; therefore, the conditions 
controlling the draw from the Red River have not changed during the time 
under consideration. The removal of the rafts in the Atchafalaya began 
about 1840 and was completed in the early Sixties; so there were from 20 to 
40 yr for any channel adjustment before the earliest date used in the paper 
if the removal of the rafts would have the effect of drawing off more of the 
Red River discharge through the Atchafalaya than formerly. Consequently, 
it is believed that deterioration in the main channel below Red River 
Landing is due solely to diversion of water from the Mississippi through Old 


River. 


Noty.—The dels by HE. F. Peet 
1935, Proceedings. iscussion on e 
April, 1936, by Leo M. Odom, Assoc. M. Am. Soc. C. E.; and May, 
M. Am. Soc. C. E 

2Chf. Engr., L. & A. R. R., Minden, La. 
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In commenting on the slope of the Atchafalaya River, Professor Lane, 
states in part: 


“Although it seems improbable that the value of C has changed in the 
Mississippi, it is by no means improbable in a river scouring as actively as 
the Atchafalaya was during the period under consideration. The irregular 
cutting of the banks and bed which occurred under such circumstances might 
easily cause an increase in roughness. The great turbulence of the river is 
very noticeable at high flows and the computed roughness factors show con- 
siderably higher values than an ordinary river channel.” 


For some time the writer has been of the opinion that when the silt load 
of a heavily laden stream is subjected to a major disturbance, causing either 
a considerable increase or a considerable loss in the silt load, such as that 
produced by a diversion of the flow, a material increase in roughness factor 
is immediately produced over that customarily used for ordinary river chan- 
nels. Definite proof as to this thought is not available at this time. The 
observations of the effects at the cut-offs being made in the Mississippi River 
may produce valuable data in this direction. 

Mr. Odom is correct that the reference to the Guglielmini hydraulic theory 
as mentioned in the Humphreys and Abbot report on the “Physics and 
Hydraulics of the Mississippi River” is an “extract from the writings of 
Major J. G. Barnard, Corps of Engineers, U. S. Army.” The writer is 
indebted to Mr. Odom for clearing up this reference. 

In preparing the paper it was the writer’s intention to interpret correctly 
that which the Mississippi River is recording in so far as the data applies 
to the subject treated. To the writer’s knowledge no data have been inten- 
tionally selected or omitted. With this premise the data presented cannot be 
considered as selected as was intimated by Mr. Odom. On-the basis of inter- 
preting that which the river has recorded, it is premature to conclude that 
the “Synopsis” should include cut-offs as well as diversion. The further 
recordings of the river will be the answer to this separate problem. The rea- 
sons advanced by Mr. Odom as to the existence of a compact, and not readily 
scoured, clay in the bed of the Atchafalaya and Mississippi Rivers, are gen- 
erally accepted. Furthermore, they apply to other silt-bearing streams and 
canals under certain conditions. 

Below Red River Landing, the Carrollton gauge is the only recorded gauge 
and discharge study that provides data for analysis. Mr. Odom’s statement 
that “at Carrollton the gauge height for bank-full discharge has not varied 
appreciably in the last 45 yr”, depends upon the limitations as defined by the 
word, “appreciable.” That the gauge has increased for the same volume of 
water is apparent from the gauge study. The increase in gauge for the same 
volume of water at Carrollton could not be expected to be of the same magni- 
tude as that at Red River Landing as it is about 191 miles down stream on 
the slope. Furthermore, it could be expected that the gauge increase at Baton 
Rouge for the same volume of water will be less than at Red River Landing 
as it is about 60 miles below, and yet greater than at New Orleans, which is 
124 miles farther down stream. Discharge observations are not taken in the 
Mississippi River at Baton Rouge. To study the action of the river at this 


fa 
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point, gauge heights were listed for the day prior to the discharge of 1100000 
cu ft per sec at the Carrollton gauge station. Table 13 shcws the result of 
the gauge study at Baton Rouge, together with the studies at Red River 
Landing and Carrollton. It demonstrates clearly, the. increase in gauge for 
discharging the same volume of water at three points on the Mississippi River 
below the diversion through Old River. 


TABLE 13.—Comparative Gauce Stupirs 


‘ ; Average gauge, in feet, for} Gauge 
Location Period Years a discharge of 1100000 | increase, 

cu ft per sec. in feet 
: : 1 1882-1885 41.3 sees 
PREC AV ErnLANGING feats vsly Wiese wee dee are 2 1890-1909 45.0 3.7 
3 1913-1932 48.2 3.2 
“Eh LE Ree ieee Ee tere ae NAT ROI 
1 1883-1891 34.0 “ae 
BSRGOMMVOURE Ss sas defers Seo clecielve ww cleats 2 1892-1912 36.0 2.0 
3 1913-1932 38.3 2.3 
EUS aC negs Sa BO Ty eb tere etree erage Ltd Beneme fe ys Sms to eet INE A RRP a eR 4.3 
1 1883-1891 15.0 ae? 
Carrollton (New Orleans)............... 2 1892-1912 16.6 1.6 
3 1913-1932 NALS 0.9 
TECH LS 8. cogtd aS Seg 64 een nein ee eee ee Ge ee A Pe eae oe ae A 25) 


Prior to the flood of 1922 the largest reliable discharge recorded as passing 
New Orleans was 1 351000 cu ft per sec, in 1897, at a gauge of 18.6 ft. The 
flood of 1922 produced a gauge of 21.2 ft for a smaller discharge of 1281000 
cu ft per sec. During the flood of 1890, a volume of 1292000 cu ft per sec 
passed on the gauge at 16.0 ft, whereas, in 1922, a volume slightly less passed 
at a gauge of 21.2 ft. 

The volume of water diverted into the Atchafalaya is dependent upon the 
flood height in the Mississippi River. The higher the gauge in the Mississippi 
at Red River Landing the larger will be the volume of diversion, and the 
greater the deposition of silt below the point of diversion. The growth or 
change in the bar below Old River, therefore, is regulated by flood heights and 
will increase or decrease in extent with the increase or decrease of the average 
of peak-flood heights. The average peak-flood heights for the period, 1890 to 
1907, is 48.7 ft. The flood of 1903, which falls within this group, had.a flood 
peak of 50.1 ft. at Red River Landing, the second highest flood of record to 
this time. It would be expected, therefore, that the gauge for discharging the 
same volume of water during this peak-flood year would be reflected by a high 
gauge. 

The locations of diversion as mentioned by Mr. Odom where shoaling in the 
Mississippi River is not noticeable, are immediately adjacent to the Gulf 
and below the leveed section of the river, and are not comparable with the 
effects noted at Red River Landing where the river is confined by levees and 
subjected to a variation in water elevation of about 50 ft. Baptiste Collette’s 
Bayou is immediately below the end of the East Levee line of the Mississippi; 
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the Jump at the end of the West Levee; Cubit’s Gap and Head of Passes are 
below the end of the levee system about 7 and 10 miles, respectively. The 
greater part of the variation in water levels at these points is due to Gulf 
tides and wind. The river channel has adjusted itself to this condition. On 
the other hand, if the maximum variation was due to flood heights and if 
flood heights were increased, causing consequent increase in diversion, shoals 
would occur. In 1922 the elevation of high water above Mean Gulf Level at 
these points, were”: 


Baptiste Collette.: 0.0 J:c¢echu daeaetee ae ieee ee eee 
The: Je Umnpiereisrene «1 o-cvolirttone 11 chanetatle oreyeuris be neveer a eee 
Gubitis—Gap sy. f25 shoe. 083 one ie eee ee eee 
Head:OfsPassesiak. ce aiett. cm seit cerhag eesictobeters ote 2.0 


The data presented for the Atchafalaya, which are recorded by the river 
itself in substantiation of the hydraulic theory, are that since 1890 the same 
volume of water has been discharging at the same gauge heights as it was in 
1933, although the leveed section of the river, including about 17 miles beyond, 
shows large increases in cross-sectional area. This is further substantiated by 
the fact that the discharges are the same for the period, 1897 to 1932, for a 
high gauge of 50 ft at Red River Landing. The velocity during this period 
shows a slight decrease. Mr. Odom considers that these data are practically 
no proof and substitutes therefor his opinion, that, when the stream is per- 
mitted to discharge freely into Grand Lake by the extension of the levees and 
the cutting of a pilot channel between them, the full advantage of the increased 
cross-section will be available. Evidently, he does not consider the inefficient 
channels below the end of the levee system as being due to the silt load 
deposited by the Atchafalaya River, and that, after this immediate section 
of hydraulically inefficient channels is eliminated by the work he suggests, 
no more will be formed beyond the levee extensions as proposed. If the 
river’s power of adjustment in the handling of its silt load is changed by some 
method of disposal foreign to the river’s treatment, it may create an entirely 
different condition. 

The Atchafalaya is similar to other silt-bearing streams in having numer- 
ous hydraulically inefficient channels beyond the end of the levee system. 
With the drop in velocity, silt is deposited at the levee end, filling in and building 
up the area below. Due to the presence of colloids, this freshly deposited silt, 
consolidates and hardens, and requires higher velocities to dislodge it again 
than it did to keep it moving. This process of land building below the levee 
end is the foundation utilized by the Louisiana State Board of Engineers 
in the levee extensions on the Atchafalaya. The levees have been extended in 
progression with the forming of this foundation by the deposition of silt. The 
confinement of waters between the extended levees produces sufficient velocity 
to pick up the consolidated clays again, thereby materially increasing the cross- 
sectional area of the stream, and transferring the land-building process down 
stream. If the past is any criterion, that which is now the portion of Grand 
Lake will, under Mr. Odom’s plan, be the location of the numerous hydraulic- 
Ss ees Oy PPT ht IO OF SE ES Te Pp 


Data furnished by Louisiana State Board of Engrs. 
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ally inefficient shallow branches when the levees have been extended a 
sufficient distance and the problem of obtaining a single hydraulically efficient 
channel will still be present. 

The greatest increases in cross-sectional areas of this river are in the 
lower reaches and are due to levee confinement, as stated by Mr. Odom. In 
the upper 28 miles of the leveed portion (Reach 0 to 5) the cross-sectional 
area in 1932 ranged from 70000 to 79 000 sq ft, being an increase in area from 
26 to 85% over that in 1904. In the next following 25 miles (Reach 6 to 10) 
the cross-sectional area in 1932 ranged from 55000 to 59000 sq ft, being an 
increase in area over that in 1904 from 4 to 208 per cent. The lower 16 miles 
(Reach 11 to 13) is below the levee system and, in 1932, the area for Reach 11 
was 45000 sq ft, diminishing to 24000 sq ft for Reach 13, which indicates 
an area increase over 1904 of 201% and 56%, respectively. Cross-sectional 
areas are not available prior to 1904-05. Greater increases in area, than those 
listed, would occur for the period, 1890 to 1932, the period of gauge study. 
By 1896, the levee system ended within the limits of Reach 6 and was extended 
into the limits of Reach 8 prior to the cross-sectional survey of 190405. 
Because of this levee extension (which was made prior to the survey of 
1904-05), Reach 6 would show a considerably larger increase in area for the 
prior period over that of 4% for the period since the survey of 1904-05. There- 
fore, it is logical to consider that the cross-sectional area of Reach 6 was 
greatly increased during the time of this gauge study (1890-1932) over that 
of the 4% recorded since 1904-05. This small increase of area for Reach 6, 
as pointed out by Mr. Odom, is not the total increase in cross-sectional area 
for the period of this study, and, therefore, does not disturb the conclusions 
reached as to the adjustment of the river. 

It is not the writer’s intention to deal with causes of the formation of the 
present channel of the Mississippi River, but the theory advanced by Mr. Odom 
on this feature is interesting. The paper deals with the condition of the 
existing rivers and offers the reason why the Mississippi River is blocked 
from diverting its flow from its present channel through the Atchafalaya 
River even if the Atchafalaya is the shortest distance with steeper slopes to 
the Gulf. 

Although the views expressed by Mr. Odom are appreciated, it is thought 
he did not produce data and conclusions warranting a change in the original 


deductions. 
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DISCUSSIONS 


TRUSS DEFLECTIONS: 
THE PANEL DEFLECTION METHOD 


Discussion 
By Louis H. SHOEMAKER, M. AM. Soc. C. E. 


Louis H. SHormaxer,” M. Am. Soo. OC. E. (by letter).“*—A number of 
interesting suggestions have been made by discussers of this paper. Sev- 
eral have proposed, and explained in some detail, methods of calculation in 
which the effect of the deformation of each truss member is treated 
separately. Others have proposed special ways of treating certain problems 
which they appear to consider as offering difficulties if a solution is sought 
by the method under discussion. These methods, as well as the Williot 
diagram and the method of “elastic moments,” are claimed to offer material 
advantages, especially as regards the work of computation and avoidance 
of the use of formulas. 

The question of the: comparative amount of work required by different 
methods of computation can only be decided by experience; and in this 
case there is no doubt as to the result. Formulas, as the name implies, 
provide a form for the computations to take and, consequently, expedite the 
work and contribute to its accuracy; and, although these formulas will not 
be memorized, the manner in which they are developed and applied is easily 
remembered. Other methods, although not requiring the use of formulas, 
are much more complicated in their application. 

The “panel deflection method” treats the deflections of a truss in exactly 
the way in which they occur. There is no question but that the panel 
is the unit of deflection and the equations express the panel deflections in 
the simplest form. 

It is evident that the typical form of panel used applies to all single 
braced panels with parallel sides, the deflections being taken in the direc- 
tion of the sides. This type is used in practically all engineering structures. 


Notr.—The paper by Louis H. Shoemaker, M. Am, Soc. C. E., was published in 
November, 1935, Proceedings. Discussion on this paper has appeared in Proceedi 8, as 
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In the case of sub-divided panels, the deflections of the main panel points 
are obtained from the deformations of the members of the main panel and 
the deflections of the sub-panel points from the deformations of the members 
of the triangle forming the sub-panel construction. In trusses having web 
systems composed of diagonals only, temporary verticals can be considered 
as applied at the panel points. As these verticals have no stress, the terms 
in the formulas involving their changes in length disappear. Formulas for 
the K-type of panel are easily developed by the method described in the 
paper. 

Mr. Noe has made an excellent contribution to this discussion by devel- 
oping the deflection formulas by the use of Williot equations. By applying 
the formulas to the deflections of an unsymmetrically loaded truss, he has 
answered the objection that has been raised, that the procedure in this 
case would necessarily be very complicated. 

Mr. Molitor advances the statement, without offering supporting facts, 
that the method under discussion applies only to very simple truss forms. 
He refers to “odd-shaped triangular truss systems without vertical mem- 
bers” and complications “due to the more involved geometric relations, for 
which the new method becomes quite ‘out of bounds’.” Other than to 
disagree completely with Mr. Molitor’s conclusions in so far as they are 
definite, it seems unnecessary to reply. However, it is confidently expected 
that thoughtful and discerning members, who study the facts as published, 
will conclude that the method offered has the advantages claimed for it. 
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Fic. 23. ELEvATION oF HatF ARCH, Over Heit GAte, New York, N. Y. 


An analysis of the steel arch bridge over Hell Gate, in New York City, 
(see Fig. 23) will serve to answer various criticisms offered in discussion. 


‘The computations for the reactions are given in Tables 14 and 15. The 


preliminary data (that is, changes of length and length of members) were 
taken from a paper™ by O. H. Ammann, M. Am. Soc. C. E., published in 


2 Transactions, Am. Soc. C. B., Vol. LXXXII (1918), p. 852. 
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1918. Table 14 gives the results of the computations of the products c’ ¢, 
d d, ete., which are the terms composing the formulas. In Table 15 the 
final results are given. In computing the total deflection of a point Equa- 
tion (4) gives the total deflection of each point from the origin. Another 
method of making these computations is to compute the deflection of each 
point with reference to the preceding point. 


TABLE 14—Computations ror ¢c’ c, d d, erc., Hert Gate Arco Brince, 
New York, N. Y. 


a > => § ~~ 
8 p q as ee Te Mes hg et aes | g“ 2 
2 o Gefe |e 8 el) £ Ba iB 8 | «az 2 =e Sites 
se| 2 1/4] 43 | S4- BEXe || 32 | @ #| B2 | gas | axe 
ao| § | 2] BS |] ghx | €8°3 || gs Ei aux | 85° 3 
a Ss ND a | Flee uo 60.0 QA pe = wa 3 682 AS 5 
a O- 38 | HO 0 2 

a | @ |@|] «@ (5) (6) a) | @ |@)} @ (5) (6) 
peg Ee ae an a oa ey ee eee eee | enn ee ey he Re Pe 
OA [a | 21.98 | 150.2 | een ceece | Okt Pema Te tae |e eee 
PANIES 9 ol AORN 12004 |. «anced soll. Seabee ictal Sabb metea de Hack oaiae eee 
21 | 21-23 | ¢ | 42.6 | +708.6 | +30 186 || 9 911] ¢ | 45.3 | +296.3 | +13 422 
21-22 | d | 57.0 | — 88.7| — 5 056 910 | d | 64.0 | —434 —27 776 
20-22 | e | 42.6 | 287.3 | —12 240 8-10 | e | 48.5 | —132.2 | — 6 412 
22-23 | u | 40:2 | —120.4| — 4 575 10-11 | uw | 63.4] +360 | +17 244 
20-21 | » | 41.33] — 19.9|— 756 &9 |» | 71.2] +405 | +19 400 
DAV | SeSigs TORU PS eS eel Masoae 5.0 Se) sees w FY i! Md Ue eee a fe eects A: 
19 | 19-21 | c | 42.7 | +585 | +24 980 || 7 7-9 | c¢ | 46.0} +270.4 | +12 438 
19-20 | d | 56.3 | —159.2 | — 8 963 7-8 | d | 68.2 | —447 —30 485 
18-20 | e | 43.0 | —288 | —11 524 6-8 | e | 50.2| — 99.7] — 5 005 
20-21 | u | 41.3 | —19.9| — 733 8-9 | u | 71.2] +405 | +21 586 
18-19 | » | 43.5 | + 53.3] + 1 961 6-7 | » | 80.0] +482 | +25 690 
ae ABO SAN (Wicidn LT Seee COW: 3: ~ | $853 |Aik. | eee 
17| 17-19 | ¢ | 43.0 | +545.6 | +23 461 || 5 5-7 | c¢ | 45.8] +196 | + 8 977 
17-18 | d | 56.3 | —244.4 | —13 760 5-6 | d | 76.0 | —334 —25 384 
16-18 | e | 43.7 | —239° | —10 444 46 |e | 52.0] — 88.3| — 4 591 
18-19 | u | 43.5 | +53.3 | + 1 967 6-7 | u | 80.0] +482 | +30 318 
16-17 | » | 46.9 | +128 | + 4 723 4-5 |» | 92.9 | +396 | +24 908 
Lulrcoon | bho) BBC) [Pye Se LA Gate ts Seat ae wor] 62:0" | Sy ae eae 
15 | 15-17 | ¢ | 43.4 | +492 | +21 353 || 3 3-5 | c | 44.5] +111.6| + 4 966 
15-16 | d | 57.0 | —284.3 | —16 205 3-4 | d | y0.2| —359 —32 380 
14-16 | e | 44.5 | —207 | — 9 211 2-4-1 hex | 454.0f— 71 — 3 830 
16-17 | u | 46.9 | +128 | + 4 864 45 |u| 92.9] +396 | +31 520 
14-15] 0 | 51.3 | +204 | + 7 752 2-3 | » | 112.9 | +428 | +34 070 
7H ay ee ae Frey UE baer ee te 4 oh \79.6:)0 ore al eee 
13 | 13-15 | ¢-| 43.9 | +429.5 | +18 855 || 1 1-3 |c | 43.6/+ 46 | + 2 005 
13-14 | d | 58.5 | —401.1 | —23 464 1-2 | d | 111.7 | —405 —45 240 
12-14 | e | 45.7 | —181.3 | — 8 285 0-2 | e | 56.1] + 53.6 | + 3 010 
14-15 | w | 51.3 | +204 | + 8 180 2-3 | u | 112.9 | +428 - | +44 210 
12-13 | » | 56.8 | +281.2 | +11 276 0-1 | » | 140.0 | +387 | +39 980 
2 eee a ene eee RE Eee, OF Lite, to | ROSS tk 2b a |) eee 
14/) 11-13 | o-| 44.6 |.-308.1) +16 104 lle... | aes | Lo loetiee Wien 
11-12"|-d> |'60:8 )| ~420;4]. S25 EGO soo fi ees ceed ck. fe eon eee 
10-12 | e | 47:0 | —156.2 | — 7 340 || .... | ool: Se Wenn Pe EE OO oo 
12-13 | u | 56.8 | +281.2 | +12 204 |] 2.0. | iii! io] diate | cs 6. gl ee 
10-11 | » | 63.4 | +360 | +15 624 |} .... | 1220: wih fenton divans <5 Se 
rT, i oe wo) 48.4 [2k de reel Sead Bede at akesteeee ee ce 


Professor Tsai has developed equations for the deflections of an irregularly 
shaped panel by Williot diagrams. The writer appreciates his interesting 
contribution to this discussion. In developing the “panel deflection method,” 
the writer had in mind its application to engineering structures, and 
derived the necessary formulas for that purpose in the most direct manner. A 
complete explanation of the data in Table 1 was included in Example 1 
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TABLE 15.—Finat Computations ror Reactions or Hert Gare Arcu Bripar, 


New York, N. Y. 


Vertical 
defse set: F f 
: A, in feet, Values of | Horizontal | Values of Total A 
ety and = (Rp)* and) deflection, y and deflections, | trans- Reactions 
angular A+ =(Rp) H Ry Ar posed 
distorpion 
(1) (2) (3) (4) (5) (6) (7) (8) 
23 Onn heh cceie ersten +347 +260.2 0 54 915 | 55 035 =0.8417 
a tects fT een | Mesa oaiis ot ioe | «SToxaie Vics) tieglliegsl ats eisusse) och —120 55 035 |.65 400 
att BD TMM Weraites akekscs sig Wty. aa2tharcs citeneks MES DLS Hl agec ce cs ar | Vetleie ¢ 
21 +763 + 526 +664 + 258 Let DSO yl resis 53 646 = 0.820 
2) reed | aay ot cesar [eerer saath yl ot ava os ater eer || uence hs + 1 269 | 53 646 | 65 400 
+ 24.9 SE 28Or [Mei re ans ee; Yar: 2 Oe | (a area serene aes nears 
19 +804 " +1 584 +502 +253 .5 ENS. O70 | cateresloie 51 185 = 0.783 
SUR lees Parc itty ets Pee | elararcts tere | iele soekece arate + 3 730 | 51 185 | 65 400° 
+ 21.0 SSS 4 | |ais, aaeieeses Se PB 24 Alsat olaetye ill meshed. « 
7 +901 42 477 +412 +246.9 SET O54) | (as tes 47 733 = 0.730 
GM A hse esc ered 0 icuctes, Molecos Wie os ot sole RNs + 7 182 | 47 733 | 65 400 
+ 19.0 SC weHN. Alwretame once PAV OOW i of ccefatete selon fi Sim euetacs 
15 +905 +3 284 +314 + 238 ita Riley. tele acs ec 0 43 468 = 0.665 
Se rg aa rea ec a [ucbefrictthe Soebae Wiateds, eo fosecalote +11 447 | 43 468 | 65 400 
+ 16.3 SA S189 yl) fei wees Se SRS 19 a tee aeteelere chery Poker ars 
13 +984 +3 978 +184 +226.8 +16 205 |. ...s.. 38 425 = 0.5876 
NZPA ee Men ee allied, Re cteretcees | tatcfats A’svekat sueh=|[ piejeloxeiovened Sus +16 486 | 38 429 | 65 400 
+ 14 +4 962 cor te Skt 7 Digallpentaacacinteae | oie ote 
iN +950 +4 572 + 81 +213.4 OUT 27 tists cine 32 828 =0.502 
TO, Rl aes oh ul gk as Reto Roe | | ha ER nore irae eas OO +22 087 | 32 828 | 65 400 . 
+ 11.6 Te MOL S meme ieteratens oe NT VG Y oad Ware ics pexeen| OO CIGD 
9 +922 +5 065 — 20 +197.9 BP ee NE Brn 26 796 = 0.4096 
Same [ee ore nO rr atanalad |pteesasiictnhe |) UMhela syeuscd ote +28 119 | 26 796 | 65 400 , 
+ 9.3 te BLOST Wi ites evs tepe ae SG AE YC WM ere Ail [eke estas 
7 +906 +5 460 — 89 +180 +34 080] ...... 20 352 =0.311 
EMEP aT ast, Vl ese eeeciciats Ml te scowMstanes” | Uy. Aide! Scan +34 562 | 20 352 | 65 400 E 
+ 8.1 46) BGGi [at crane «k's SE ADS yo ilereyeti sce ewuay ol) ete 
5 +809 +5 804 —114 +162.9 +4QH693 ade es. 13 825 =0.2112 
Se arcetptarereceten | aclle alisusletiece 41 089 | 13 825 | 65 40 
Ame N Re. ee eres st Peo ace 0 sate a Correotion 0.0015 
+ 5.4 EGLOLS eaten sac ERS e tine casts ra etches | aetetyre. crs 0.2127 
= 
3 +741 +6 034 —116 +149.6 =+-47 468 | .....- 7 018 =0.1072 
Regime hl actegare esacenen 47 896 7 018 | 65 400 
2 A baceae0 ae atican aa wee ie ere ae Correction 0.0032 
+ 65.1 SGT VOM ||| eestor + SS GOE eek | 6 Sripron. tut lpn 0.1104 
ae eres Se, 
1 810 +6 250 —136 +140 +54 528 } ...0.- Ras 
0 “ me eens RE oil Cnr a fon, RE eo ious ta fonahe aiace +54 915 0 Gorrection 0.004 
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a Ra te Ae ald Be 
+2 029+34 729 
By Equation (5), Hp = 2 029-34 729 =32 700; 32 700 X 2=65 400 


* p = 425 ft. 


of the paper. Professor Tsai is in error in thinking this method does not 
apply to trusses with sub-divided panels. The writer believes that jis 
explanation, given previously in this discussion, fully answers this question. 

Professor Grinter has misinterpreted the description of the method under 
discussion. The writer’s reference to the deflections of a beam was for the 
purpose of calling attention to similarity of methods. A careful study of 


1072 SHOEMAKER ON TRUSS DEFLECTIONS Discussions 


the paper will reveal the fact that deflections are computed with reference 
to a point called the origin of deflections and a line through this point 
called the axis of deflections. The deflection of a single point of a struc- 
ture, furthermore, can be computed as easily by the “panel deflection method” 


as by the method of virtual work. 
The deflection of the nth panel point with reference to the (n—1)th panel 


point is, 
z=n—l 
bn = A, + DS ose Ae (47) 
and, 
A SA FEO Re Sent: gach ae uneeneae ee eee (48) 


This method of computing A, enables the results to be tabulated in more 
compact form. In Table 15, A and R are given together in Column (2), 
A on the upper line and R on the lower line of the panel space. In the 
same manner 3 (FR p) and A + 3 (Rp) are given in Column (3) and y and R y 
in Column (5). In obtaining the values of Az, the value of A + = (Rp) on the 
bottom line of a given panel space is added to the value of A, in the panel 
space above, and the result is the value of A, for the given panel. The 
computations for horizontal deflections of Point O are written at the bottom 
of the table. It is believed that a comparison of Tables 14 and 15 with 
the tables of computations, made by Mohr’s method of elastic moments,” 
is a sufficient answer to the various claims and criticisms that have appeared 
in this discussion. 
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LATERAL PILE-LOADING TESTS 


Discussion 
By D. P. KRYNINE, M. AM. Soc. C. E. 


D. P. Krynive,” M. Am. Soc. ©. E. (by letter).““—The lateral pile-driving 
tests at Alton, Ill., described in this paper, were made on a considerably larger | 
scale than any other experiments known to the writer. Therefore, they 
approach the actual loading conditions more closely. Furthermore, the piles 
were studied both as single units and in groups, with heads embedded in con- 
erete monoliths, whereas other investigators have dealt with isolated piles only. 

Previous Experiments—There is a series of older German experiments 
made for the purpose of determining the resistance of posts placed in narrow 
holes which subsequently were back-filled with earth. Among the experiments 
of this series are those by Professor Engel", H. Frohlich”, and those by 
H. Dorr”. The latter investigator used posts about 18 ft high, and the depth 
of embedment varied between 4.3 and 6.1 ft. The soil was Rhine sand, as a 
rule finer than 1 mm, with the angle of natural slope about 40 degrees. Dorr 
measured horizontal forces corresponding to horizontal displacements of a 
certain point on the test post, care being taken to substract therefrom the 
purely elastic deformation of the post itself. The horizontal forces did not 
exceed 700 lb; and the piles tested were rectangular, about 6 by 9 in. in 
cross-section, or round, about 8 in. in diameter. The tests were conducted 
to the point at which the soil mass failed so that the ground close to the pile 
cracked and an opening was formed behind it. This hole was filled with 
fine ashes and the post was hammered down somewhat. Subsequent excava- 
tion showed the absence of ashes in the lowest third of the embedded depth. 
Thus, the existence of the “zero point” was established experimentally. An 
isolated pile embedded in the ground and subjected to the action of a hori- 
zontal force, would rotate about that zero point. 

Norp.—The paper by Lawrence B. Feagin, Assoc. M. Am. Soe. C. E., was published 
in November, 1935, Proceedings. Discussion on this paper has appeared in Proceedings, 
as follows: November, 1935, by A. E. Cummings, Assoc. M. Am. Soc. C, E.; January, 


1936, by Messrs. J. C. Meem, and T. Kennard Thomson; February, 1936, by August F. 
Niederhoff, Jun. Am. Soc. C. H.; and August, 1936, by Messrs. Lazarus. White, and 
Y. L. Chang. 

W Research Associate in Soil Mechanics, School of Engineering, Yale Univ., New 
Haven, Conn. 

7a Received by the Secretary July 8, 1936. 

18 Zentralblatt der Bauverwaltung, 1908, p. 274. 

19 “Beitrag zur Berechnung der Mastfundamente”, 1913. 

2» “Die Standsicherheit der Masten und Wiinde im Erdreich”, 1922. 
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Experiments conducted at North Carolina State College, Raleigh, N. C., 
and by the State Highway Board of Georgia” have shown that the resistance 
of a pole to overturning is proportional to the square of the penetration depth. 
This fact induces one to believe that the resistance of a pile to the action of 
a lateral force is connected with the configuration of some body of rotation 
which develops within the earth mass close to the pile under consideration. 
The North Carolina tests were conducted in hard clay, and those in Georgia 
in clay containing about 50 to 60% of sand, 

Introducing the following notations: Po) = an overturning force, in 
pounds; d = depth of embedment or penetration, in feet; and c = a coefficient. 
The overturning force may then be expressed as: 


‘The value of the coefficient, c, was found to be 1250 in North Carolina and 
300 in Georgia. . 

In 1928 the writer made some field and laboratory tests on pile models 
loaded horizontally. These tests were made in co-operation with Messrs. G. I. 
Pokrowski and N. VY. Laletine” who later continued this work alone. Wooden 
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piles, 3 to 34 in. in diameter, ranging in length from 6 to 74 ft, were driven 

into a very uniform clay with 17 to 18% of natural moisture. Then the piles 

were overturned by applying a horizontal force. A cross-section through the 

center of the pile was excavated carefully, using shovels and finishing 

the vertical surface with a sharp knife. Fig. 29 is a sketch made from a 

photograph of that cross-section. The zero point, Z, located at a depth from 
| Wood Preservation News, November, 1932, Vol. 10, pp. 156-158. 


2 “Soil Investigations in 1928-1929” (printed in Russian) 
: igati 2 2 , Pp. 5-21, 65-67. 
*% “Soil Investigations in 1929-1930” (printed in Russian), pp. 15-33. 
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0.52 d to 0.69 d, is clearly seen; and it appears that the overturning process 
consists of two phases. In the first phase the pile rotates slightly about its 
zero point, Z, being resisted by both the compressive resistance of the soil 
(compressed zones, a and b) and by its tensile strength (Crack c). The second 
phase is characterized by the breaking down of the shear resistance, The cen- 
ter of rotation gradually moves from the zero point, Z, to the surface of 
the ground, G, following the curve, ZG; and, finally, an earth cone is pushed 
out. A weak pile breaks during this second phase. 

It follows from these experiments that a structure founded on piles and 
subject to lateral forces, is kept in place by the compressive resistance of 
the adjacent earth mass. This compressive resistance, however, does not 
control the ultimate, or the limit of equilibrium of the structure. As soon 
as the acting force overcomes the value of the shearing resistance of the soil, 
the deformation takes the path of least resistance, and the mass fails by shear. 
Hence, the actual lateral force should not be greater than an nth part of 
the shearing resistance, in which n is the safety factor. Furthermore, there 
is a sharp difference between the failure of the earth mass and the failure of 
the structure itself, since owing to the excessive compressibility of an earth 
mass, the structure may move laterally and fail before the adjacent earth mass 
is disturbed by shear. A further development of these experiments has been 
discussed by the writer elsewhere.” 

There are two more series of experiments of this kind. In 1928 and 1930, 
Paul E. Raes, of the University of Ghent, Belgium, made some tests using 
concrete piles, 12 by 12 in. and 14 by 14 in. He published his results and 
advanced a theory which is essentially that of a zero point, or “pivot” 
according to his terminology®. In 1933, M. Nakamura” made some very 
precise small-scale experiments concerning lateral pile action. He used 
wooden and metallic pile models (from 2,3, to 37; in. in diameter) embedded 
about 10 to 12 in. in a sand mass confined in a box, 24 by 24 in. by 16 in., 
which was supposed to be large enough to leave the model pile action undis-— 
turbed. A horizontal force up to 10 lb was applied at levels of about 22 to 
28 in. above the surface of the soil in the box. Deformations of the embedded 
part of the pile were measured, and the zero point was located at about 
seven-tenths the depth of embedment. Fig. 30 represents the horizontal dis- 
placements of the pile at the level of the ground under the repeated action 
of a force gradually increasing from zero to about 6.6 Ib and decreasing to 
zero again. Displacements consisted of both an irreversible and an elastic 
part; but after a certain number of loading and unloading cycles there was 
elastic action only. (Note the heavy lines in Fig. 30.) 

Lateral Pile Action and Loading Tests Interrelated—Mr. Feagin states 
that “frequent repetition of lateral loads results in slightly greater lateral 
movement than a sustained load of the same magnitude.” This is because a 
repetition of load application tends to eliminate gradually irreversible lateral 
24 Transactions, Am. Soc. C. B., Vol. 98 (1933), pp. 271-273. 

23 Proceedings, International Conference on Soil aes (1986), Vol. 1, Paper H-1; 


also, La Technique des Travaua, No. 8, p. 505 (1928). 
26 “TJeber den Erdwiderstand der Maste’, Der Bauingenieur, Vol. 16, pp. 269-275, 1935. 
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movements, as shown in Fig. 30. The case of a pile acted upon by a horizontal 
force is a special case of the loading of an earth mass; hence analogies should 
be sought between such an action and the action of a loaded plate placed at 
the surface of an earth mass. Fig. 31 shows the settlement curve in an experi- 
ment made by the writer”. A confined sand layer, 3 in. in diameter and about 
14 in. thick, was subjected to compression, using loads ranging from 16 to 
65 lb per sq in. applied to a metallic piston acting at the sand surface. 
Qurves A and B, Fig. 31, correspond to the total settlement of the sample 
in the loaded and unloaded condition, respectively, so that the difference 
between them denotes the elastic rebound at a given stage of the experiment. 
Similar curves may be obtained by joining the upper and the lower points of 
the curves in Fig. 4(e), or in Fig. 9. 


V. - 65 Lb per Sq In 


Il. -40 Lb per SqintY 52 Lb per Sq In. 


0 Il. - 28 Lb per Sq In. 
I. - 16 Lb per Sq In. 


Displacements in 0.001 Inches 


20) SETTLEMENT 
CURVES. 
. A AND B 


50 100 150 200 250 300 350 400 
Number of Cycles (1 Cycle = A Loading and An Unloading) 


Fig. 31. Fie. 32. 


In connection with Fig. 30 it should be stated that each pair of curves. 
corresponding to a loading and unloading cycle, is analogous to a hysteresis 
- loop in loading experiments. Order numbers of loading and unloading cycles 
are indicated by the numbers in circles in Fig. 30. After a certain number 
of such cycles (thirty in Fig. 30) the hysteresis loops become closed, which 
means that the earth mass has attained perfect elasticity under the action 
of a given stress. This elasticity is not the same, however, as that required 
by Hooke’s law, since displacements are not proportional to the stresses. It is 
also remarkable that this state of elasticity may be destroyed as soon as a 
stress greater than that used in compression is applied (see Fig. 31). 
“Pre-Testing” of Piles by Lateral Pull—If instead of a confined sand 
sample (Fig. 31) a plate is placed at the ground surface and loaded repeatedly, 
the results would be practically the same™. If a pile is subjected to repeated 
vertical loading, an analogous action occurs. Using this property, Lazarus 
White, M. Am. Soc. OC. E., developed a so-called “pre-test”? method of foun- 
dation construction applied principally to piles”. It is well known that the 


7 Proceedings, International Conference on Soil Mechanics (1936), Vol. II, pp. 22-23. 


*“Underninning”’, by BH. A. Prentis and Lazarus White, M. Am. . 2: 
Fig. 128 (1931 y e, m. Soe: CG. Bape .241, 


*® Loc. cit., p. 118, Fig. 61. 
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surface of an earth road that is reasonably moist becomes elastic under trafic ; 
and this surface is easily destroyed should a few ced loads pass over ihe 
road. All kinds of pavements are automatically “pre-tested” by traffic. 
Assembling all the foregoing facts, it may be stated that practically every 
earth structure, except perhaps the case of saturated. plastic soils, can be 
“pre-tested” within the meaning of the term introduced by Mr. White. This 
suggests that irreversible deflections of piles subjected to lateral forces could 
pe also eliminated by duly “pre-testing” them during construction. How this 
“pre-testing” could be done—pile by: pile, or otherwise—and whether such a 


method is economically feasible are questions to be decided for each individual 


case. 

Theory of the Zero Point.—Fig. 32 represents a hypothetical weightless 
pile loaded at its top with a horizontal force, Po. If there is no zero point, 
the pile would deflect as shown in Fig. 32(a). The resultant of earth reac- 
tion, P;, would form an unbalanced couple with the acting force, Po, and 
this is incompatible with conditions of equilibrium. Hence, the existence of 
a zero point is a mechanical necessity, the acting force, Po, and the reaction, 
P,, of the earth at the bottom part of the pile being balanced by the 
reaction, Po + P,, at the upper part (Fig. 32(b)). A most comprehensive 
mathematical theory concerning the location of the zero point has been 
advaneed by K. Hayaschi® in describing the behavior of a beam on a continu- 
ous elastic support. The Russian Professor I. P. Prokofiev has advanced a 
simplified theory of the zero point”. The existence of the zero point was also 
proved mathematically by Mr. Prudon®. The zero-point theory has been dis- 
cussed by OC. C. Williams”, M. Am. Soc. C. E. Mr. Raes* advanced a mathe- 
matical theory of the zero point (“pivot”), including the case of two piles 
with heads embedded in a concrete monolith. Mr. Raes comes to the conclu- 
sion that in the latter case one of the two piles is pulled, and the other pushed, 
and that the “pivot” exists in all cases. 

In the experiments by Mr. Feagin there is no direct indication as to 
whether or not there is a “pivot” in the case of piles with embedded heads. 
The elastic line in this case may be visualized either according to Fig. 32(c) 
or Fig. 32(d). In the former case there are vertical tangents at Points NV 


‘and M’, and the elastic line in the latter case has been drawn quite arbitrarily 


only to show that, in the opinion of the writer, there is a zero point located 
rather high. Mr. Feagin testifies that between the pile and the concrete 
(Point M’) there was “a crack in which the blade of a pocket knife could be 
inserted”. Hence, it is doubtful whether the tangent to the elastic line at 
Point M’ was vertical. On the other hand, in Fig. 32(c), the line, NM’, is 


longer than the line, NM; and neglecting the deformations of the pile, one 


may conclude that the pile should be pulled out at Point N, which contra- 
dicts the assumption of ideal embedment at that point. The writer believes 
that only in the case of feebly rigid piles the assumption of Fig. 32(c) may 
30 “rheorie des Balkens auf elastischer Unterlage”’, Berlin, 1921, p. 228 et seq. 
3.“Theory of Structures”, Pt. II, p. 232 et seq (printed in Russian in 1928). 
%Le Génie Civil, No. 5, 1926, p. 117. 
3 “Phe Design of Masonry Structures and Foundations”, Second Edition, 1980, 
p. 478 et seq. 
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lead to a rather satisfactory working theory. In a general case, however, the 
attention of the investigators should be directed toward the location of 
the zero point, Z (Fig. 32(d)). Mr. Feagin states: “Tt was found that a car- 
penter’s rule could be inserted to a depth of 6 ft in the space between the pile 
and the adjacent foundation sand on the side of the hole nearest the jack.” 
Probably that rule reached Point Z, as shown in Fig. 32(d). 

Extension of the Experiments Suggested—The excellent experiments by 
Mr. Feagin should be extended somewhat further: First, it seems necessary 
to investigate whether or not the “pre-test” method as applied to piles 
deflected laterally can decrease the lateral movement of locks; and, second, 
the shape of the elastic line of such piles should be investigated more closely. 
For economy, smaller pile models driven into uniform natural clay may be 
used in these particular field tests. It would be very important, furthermore, 
to study the characteristics of batter piles. 

Additional Remarks on Irreversible Earth Deformations—The following 
observation by Mr. Feagin is to be emphasized: A pile loaded horizontally 
never returns to its original position upon removal of the load. Actually, 
even a perfectly elastic pile is restrained from returning to its initial position 
owing to irreversible deformations of the earth mass. This fact may cause 
serious secondary stresses in a framework, such as a wooden bridge. . 

Action of Forces at a Lock.—Ilf there were no piles, horizontal stresses 
due to the difference of levels in both the upper and the lower pool (Fig. 3(a)) 
would develop under the structure. The piles driven into the ground form, 
with the soil, a mass of “reinforced earth”, and it is very probable that the 
horizontal stresses referred to, are taken up by that mass which works as a 
whole. A graphic method of computing these horizontal stresses has been 
advanced by the writer elsewhere™. Assuming the earth material under the 
structure to be elastically isotropic, the value of such a stress pushing 
the structure down stream, would be approximately: 0.5 x 62.5 x (38.0 
— 15.2) = 713 lb per ft of width of the structure and per lin ft of the 
length of the piles. This value should be less in the case of sands. The values 
given do not pretend to any degree of accuracy; the writer wishes only to 
state that an additional force pushing the lock down stream may exist and 
that this force is due to the difference of water levels in the pools. 

Conclusion.—As a rule, the closer a soil model is to a full-sized structure, 
the more trustworthy are the results. In this respect Mr. Feagin’s experiments 
with large models are unusually interesting. To increase the value of the 
experiments, it seems necessary to extend their scope somewhat, but even in 
their present form, Mr. Feagin’s experiments are an important contribution 
to the field of soil mechanics and a valuable source of information for both 
the practical engineer and the theoretical worker in that field. 


%* Proceedings, Am. Soe. C. E., April, 1936, p. 532, Fig. 19. 
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TALL BUILDING FRAMES STUDIED BY MEANS 
OF MECHANICAL MODELS 


Discussion 


By MEssRs. GEORGE E. LARGE AND SAMUEL T. CARPENTER, AND 
A. W. FISCHER 


Georce E. Larasr,* Assoc. M. Am. Soc. C. E., anp Samuget T. CarpEenter,”*® 
Jun. Am. Soc. C. E. (by letter).**—Much painstaking work is represented in 
the long series of tests on wind-bent models described in this paper. Although 
the writers cannot agree that all the conclusions of the study have general 
application to modern wind-bent design, they believe that this paper may be 
the means of defining the fields of at least two well-known methods of design 
with which they have experimented since 1933. 

The Spurr adaptation” of the Cross moment distribution method has been 
used, as in Fig. 21, to verify the authors’ experimental results. The regu- 
larity of the model framing will throw the contraflexure points at mid-story 
of the columns, as assumed in checking, except in a few of the lower stories 
where, because of the fixed column bases, the points of contraflexure will be 
above the half-story level, and, in some cases, absent entirely. Nevertheless, 
the ratio of girder shears across a floor will be substantially the same through- 
out all stories, as will be the ratio of column reactions, Ri, which is the crux 
of the argument. 

To compensate for the vertical displacement of girder ends due to floor- 
joint rotation, Mr. Spurr uses a reduced length for girder bending equal to 


\/ . ui rae which F is the distance face to face of columns, and D is the 
“hi 


Notr.—The paper by Francis P. Witmer, M. Am. Soc. C. E., and Harry H. Bonner, 
Esq., was published in January, 1936, Proceedings. Discussion on this paper has appeared 
in Proceedings, as follows: April, 1986, by Messrs. L. C. Maugh, L. J. Mensch, and Gilbert 
Morrison; and August, 1936, by Fang-Yin Tsai, Assoc. M. Am. Soc. C. E. 

% Research Assoc. Prof., Hng. Experiment Station, The Ohio State Uniy., Columbus, 
Ohio. 

13 Instructor in Civ. Bng., Swarthmore Coll., Swarthmore, Pa. 

15e¢ Received by the Secretary July 23, 1936. 

16 “Wind Bracing of Steel Buildings,” Second Progress Rept. of Sub-Committee No. 31, 
Committee on Steel of the Structural Division, Discussion by H. V. Spurr, M. Am. Soc, 
C. B., Proceedings, Am. Soc. C. E., August, 1932, p. 1133, and Fig. 26. 
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depth of column section. For a 4-in. model span it is MNS 20) ee 3.28 in.” 
3.5+ 0.5 


In computing the stiffness, Ee of the members, the center-to-center lengths of 
L 


columns and the foregoing “Spurr lengths” of girders were utilized, since 
their use has theoretical foundation and, ordinarily, gave results nearer to 
experimental values both on the authors’ models and on those studied by 
the writers. 

Columns (2) and (3), Table 3, show a comparison of the principal experi- 
mental and calculated results. The upper group of three cases check very 


TABLE 3.—ComparIsoN oF EXPERIMENTAL AND ComputTEep ReEsutts 


Ri, Inner CotumMN REAcTION FounND, IN PERCENTAGE CusTOMARY Column 
oF OuTER COLUMNS. ASSUMPTIONS AS TO ||—~.—— -stiff- 
CoLuMN Girder 
Case Calculated : Reaction (R:1) ness, ratio 
Experi- | as a check ——— | a conumane) 
mental | by moment Remarks (Canti- > (girders) 
result | distribution (Portal) lever) 

(1) (2) (3) (4) (5) (6) (7) 
A-1..... —15 —14 POLK Ps ReaPaearatae th oe ldateeerlettis 0 +33 1.75 
(Oe eae 0 +0.3 Equals portal performance..... 0 +25 1.05 

Designed Lower 
C-0.5*..| +28 +27.0 Integral connections, 55 stories. 0 +28 1132 
story 
B-9..... 13 +3 Approximately portal perform- 
- ANCES ah sre aie h oven bape ahohe baste, 0 +50 0.62 
B-17....| +46 +36 Extreme girder proportions.... 0 +50 0.39 
AM 2s oe +33 +50 Questionable cantilever perform- 
ONCE sca lv or eles eae ance 0 +33 31 
A-17....| +230 +340 Extreme girder proportions.... 0 +33 0.28 
11-C-2..| None +20 Approximately cantilever per- 
LOTTDANCE Ss ce~ siatess ee eins erletes 0 +25 11.6 
5-B-9..| None +62 Approximately cantilever per- 
fonmance.. sae nia aes 0 +50 3.1 


* Model tested by writers. 


closely, indicating the correctness of the calculation method as well. Serious 
discrepancies occur in the next group of four cases. Some extreme cases of 
panel-to-panel girder proportioning exist in this group, and it seems very - 
likely that the connection blocks were inadequate for holding the very stiff 
girders then used, causing experimental error. It is the writers’ experience 
that one cannot make a theoretically rigid connection, as assumed in the 
calculation methods, except by developing tremendous frictional forces or 
by making an integral connection. Perhaps the authors, thinking of practical 
wind connections, did not desire complete rigidity. Nevertheless, the connec- 
tions are variables which obscure the picture of girder performance. 
The principal comments which the writers wish to make are as follows: 


(a) In constructing models of tall building bents, the stiffness of the 
column system relative to the girder system must be reproduced faithfully, 


“Tests and Design of Steel Wind Bents for Tall Buildings,’”’ by George E. Large. 
Assoc. M. Am. Soc. C. H., Samuel T, Carpenter, Jun. Am. Soc. C. B. anil Clyde T. Morris’ 
a tart age H., Bulletin No. 93, Appendix, Eng. Experiment Station, Ohio State Univ., 

olumbus, 2 = 
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since their ratio has tremendous effect upon the distribution of girder shears 
and column reactions across a bent. 

(b) The model columns in the authors’ tests were so flexible relative to the 
model girders that most of the models did not represent practical wind bents. 
The experimental data, therefore, were not sound bases for drawing general 
conclusions in regard to the distribution of column reactions. 


—50 0) 0 — 50 0 

+34.55 +30.9 +22.4 +25.05 + 27.5 
0 +112 + 15.45 ° (0) (¢) 

— 3.86 — 3.46 — 3.46 —_ 3.88 — 4.25 


‘Line 


S 


Column Stiffeners 


Girder Stiffeners 


—50 a — 50 sae a 

gi4.55 Of 372 = 0.937 425.05 = 45 (0.75) =0.6 
0 ees Le 0 ; 

— 3.86 II' 1.14 (0.75) 0.658 — 3.88 Shere ae ne 
0 Girder 22) 4 mis ‘ 
etc. 3.72 * 2.28 

ev, 23.67 (4.5) _. 1 993: R; = + 0.3% 
(a) CASE C-2; % = 15708) 1.003; Ri 70 
— 50 0 0 —50 


4.56% 


Column Stiffeners 


Girder Stiffeners 


ll ee 
as above = 795 (0.75) = 6.6 


V, 4.47 (4.5) __ Swiss 7% Cantilever = + 25%, Ohio State Univer- 
1-C-2; b= SS = 1.20; Ri = + 20%, Canti 0 
OS neem oma Sth sity Model = + 287% 


Fig. 21 


(c) A distinction should be made between wind bents upon the basis of 
slenderness. Design methods and assumptions which are good enough for 
20-story bents can be actually dangerous when applied to a 60-story bent 


of the same base width. 
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(d) For a fair comparison™ of the several methods of assigning girder 
shears and column “chord pulls”, with economy in view, one must contemplate 
designs having the same calculated total lateral deflection, including that due 
to lengthening and shortening of columns. 

(e) Girder systems selected for strength only, without regard for stiffness, 
permit too much flexibility in a modern slender tower. 

Fig. 21 is submitted in support of Item (a). The moment-distribution 
solution shown in Fig. 21(a) verifies the portal performance of Model C-2, 
as given in Table 3. When the columns were made eleven times as stiff, as in 
Fig. 21(b), the model dimensions conformed with the lower story of the 
writers’ model, and the solution approximated the cantilever performance of 
that model. 


Fig. 22 shows some actual wind-bent designs. Note how widely the 
ona stiffness ratio may vary. This ratio is found by dividing the sum 
girder 


of the * -values of the four columns by the sum of the + -values of 
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Fig. 22. 
the three girders, the lower stories being of most interest in wind design. 
Most of the stiffness ratios of the authors’ model bents shown in Table 3 
fall outside the design range of Fig. 22. 
From Table 3, the authors’? Case B-9 had approximately a portal perform- 
ance. However, upon increasing the stiffness of the columns in Model B-9 


18 “Wind Stresses and the Tall Building,” by Samuel T, Carpenter, Jun. Am. Soc. C. E., 


Late een the meeting of the Philadelphia Section of the Society, April 15, 1936. (Not 


1 


i thd eal 


each height. All the bents rep- 
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five times, it conformed closely with the lower story of the 50-story cantilever 


column 


design, in which the -stiffness ratio is 3.16, and had a canti- 


girder 

lever performance. It is designated as Case 5-B-9 in Table 3. (The increased 
size of the inside columns of the practical designs prevents perfect checks.) 

Similarly, by increasing the columns of (portal) Case B-9 eight times, 
the cantilever performance of the 20-story cantilever design can be verified 
approximately. Obviously, column stiffnesses have considerable to do with 
performance. 

Fig. 23 is a summary of the design of several bents of varying 


-ratios. The spans taken were chosen because they are generally con- 
ase 

sidered favorable to the portal Height Date ofbene Gibest 
method. Both cantilever and 4 5 6 7 8 9 1 


portal designs were made for 


Required 
resented by the two upper Column 


f Increase 
curves were designed to have a 


total deflection at the top of oe [14-4>4— 28.8.4 14.44 


of the height or 0.002 h. The ay 
column selections were the same ary 57.6: —_—>+| 

in all bents of the same height, 
except in the case of the 


5 0.00064 4 
40-story and the 50-story portal- 2 
designed bents, in which extra 3 s 
column area had to be provided ‘5 RY g 
on account of the increased & oy ERS 
“wind-pull”, carried entirely by & Ry A & 
the outside columns in this §, oY Fs 
case. This extra was consid- = vA iS 
ered chargeable to the girder 6 Anata Ho.00106 = Mean 
system, for fair comparison 5, Nia Reales ™ 


with the cantilever design. Note 


the economic advantage of the tees eae 
cantilever method for shallow- : 
connection bents higher than 2 K 0.00375 h Deflection 
twenty-five stories. It is also 6 0.00157 Designs for Strength Only 
most desirable from the stand- 
point of avoiding column chord 1 
deformation accumulation. 

These girders were designed 
as follows: With columns set, ott ~ a 
the portion of the entire 0.002 h Tower Height, in Stories 


deflection which was due to Fig. 23. 
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chord deformation of columns was calculated quickly by the following 
formula” for chord deflection: 


| 
yp oe Eee oe ah. ot 


in which sy» is the wind unit direct stress in the outside basement column; h is 
the full height of the bent; H, the elastic modulus; and B, the base width 
of the bent. The chord deflection was deducted from 0.002 h to find how 
much deflection was to be contributed by the bending of girders and columns, 
and girders were selected on the basis of required moment of inertia by the 
formula: 


[jn ee 
3B 6 


in which V is the assigned girder shear; b is the half-length of the girder; 
and 6 equals the remaining deflection assignable to girders, divided by 
h, equals the joint rotation angle. 

The point to be emphasized is that the chord deflection of the portal 
design was greater than that of the corresponding cantilever design, which 
meant that the girders designed by the portal method had to have smaller 
angular deformations, 6, at their ends if the bents were to have the same total 
deflection, and had to be stiffer and (usually) heavier than the girders designed 
by the cantilever method, as shown in Fig. 23. The small numerals near 
each curve point show in each case the required girder rotation angle, @, in 
radians. 

The two straight lines near the bottom of the graph show girders selected 
on the basis of section modulus solely to meet allowable stress, without 
regard for stiffness as defined by moment of inertia. As seen in Figs. 22 
and 23 such a 50-story portal girder design has about one-half the weight, but 
almost twice the deflection, of the corresponding cantilever elastic design. 
What priced wind-bracing will you have? 

In its 1933 report”, the Wind-Bracing Sub-Committee, Committee on Steel 
of the Structural Division of the Society, recognized that limiting the design 
deflection to 0.002 h has produced satisfactory results" in very slender towers, 
and suggested that fully twice that value may be allowable in less extreme 
bents. This is rather evident from Fig. 23 if one compares bents of heights 
to base ratios of 10 and 4, respectively. 

It has been found by a moment-distribution check that the 50-story portal 
design for strength only has reversed interior column reactions due to the 
disregard of elastic requirements in designing. On this account the chord 


12For derivation of Equations eo and (40) see Bulletin No. 93, Eng. Experiment 
0. 


Station, Ohio State Univ., Columbus, 


“Wind Bracing in Steel Buildings,” Third Progress Rept. of Sub-Committee No. 31 
Committee on Steel of the Structural Division on Wind-Bracing f ‘ i : : 
ceedings, Am. Soc. C. B., December, 1933, p. 1614. mneing $0r Steel Boia 


1 The Ohio State University experimental bent was designed to h 
deflection in order to facilitate the detection of joint rotations, (9). (See! Wig, Zaye 
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deflection of this bent had to be calculated by a more general formula than 
Equation (39), and was found to be 0.00185 h, which is greater than in 
the portal elastic design where it was 0.00163 h. In order to have the bent 
under consideration deflect only 0.002 h for fair comparison with the elastic 
designs, the girder contribution would have to be reduced to about 0.00009 h, 
since the columns will contribute about 0.00006 h. This would require ridicu- 
lously large girders, twenty times as stiff, and at least five times as heavy, 
as those represented in Fig. 23, exceeding even the portal elastic design in 
weight. 

Allowable values for deflection should be established as in the case of 
stress in order to insure against the application of 20-story methods to 
50-story towers. Deflection data from the authors’ models would be 
enlightening. 


A. W. Fiscuer,” Esa. (by letter).“*—A considerable mass of experimental 
data as to the values of the vertical reactions of the columns at the first story 
of three-bay structures with equal vertical heights, is presented in this paper, 
and the authors’ results seem to agree very well with those obtained by 
mathematical analysis. Additional experiments should be made, however, to 
determine the ratio of the vertical reactions at other stories (especially at the 
top story) before a general conclusion can be made. The authors’ state that 
for equal bays (all columns being of the same size), the cantilever relation can 
be obtained by making the moment of inertia of the center girder approxi- 
mately twice that of the side girders, or that if the moment of inertia of the 
center girders was about one and one-third times that of the side girders, 
zero reaction would result for interior columns and would thus agree with the 
portal-theory distribution. 

The writer applied the slope deflection method to a two-story structure 
with sizes of girders and columns as given for the authors’ Case A-1 and with 
a horizontal unit load of 1 lb applied at the top of the second story. In this 
manner it was found that Ra = + 0.2976 lb and Rz = — 0.05065 lb, which 
makes R; for the first story equal to —17%, and this value agrees fairly 
well with the results reported in the paper. If more stories had been used the 
results would be changed somewhat, but still the value of R, would have an 
opposite sign from R,. For the second story, Ri = — 21 per cent. 

' The writer also applied the slope deflection method to a two-story struc- 
ture with the sizes of girders and columns as given for Case A-17 and with a 
horizontal unit load of 1 lb applied at the top of the second story. For the 
first story, Ra = + 0.14985 Ib, and Ry = + 0.43935 lb, which makes R; for 


‘the first story equal to + 293 per cent. This result does not agree so well 


with that of the paper. If more stories had been used, no doubt the results 
would change somewhat, but still the values of R, and R, would be of the same 


sign, as the authors’ experiments show. For the second story, Ri = + 2438 


per cent. 


22 Care, Pennsylvania Sugar Co., Philadelphia, Pa. 
22a Received by the Secretary August 11, 1936. 
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With the so-called exact methods of analysis the sizes of the girders and 
columns must be known before the analysis can be started, especially in the 
case of the slope deflection method and the Cross method, and, therefore, 
the methods are rather tedious for the design of a new structure. 

In his analysis of a three-span structure (equal spans) by relative deflec- 
tions, Professor H. Yu assumes that the ratio of the columns to the girders 


is 1.5, the story height being equal to 1.0 and the span length tor. For a 


new design, three bays wide and with equal story heights, Professor Yu’s 
method is very flexible because, with the span and story height given, the ratio 
of the moment of inertia of the columns to that of the girders (the moment of 
inertia is the same for the columns in each story, but for different stories it 
will be different) can be selected so as to fit approximately the relation 
assumed by Professor Yu in deriving his general equations. This assumed 
relation cannot be adhered to exactly, but if the sizes of the girders at each 
floor are increased gradually from the top of the structure to the bottom, the 
final results will agree very closely with any of the results obtained by 
the so-called exact methods. 

Case A-1 of the paper agrees very closely with the conditions assumed 
by Professor Yu. If the moment of inertia of the girders were 1.25 times that 
of the columns, the size of members, the story heights, and the span lengths 
will agree with these assumed conditions. 

Applying the general equations introduced by Professor Yu to the fifth 
story of a 19-story structure of three equal bays with a unit horizontal load 
at each floor, the value of R, for the fifth story is equal to — 29.1579 lb 
and R, is equal to + 2.945 lb, which makes R; for the fifth story equal to 
—10.10% and this result agrees very closely with the experimental data as 
given for Case A-1. In all stories the analytical sign values of R, and R, 
are of opposite sign, which agrees with the experimental data as given for 
Case A-1 of the paper. 


*3 “Wind Stresses in Tall Buildings in Stresses in Statically Indeterminate Structures’, 


#4 ae Yu, National Wuhan Uniy., Wuchang, Hupeh, China, Second Edition, 1935, pp. 70 
o 84, 
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ADMINISTRATIVE CONTROL OF 
UNDERGROUND WATER: 
PHYSICAL AND LEGAL ASPECTS 


Discussion 
By R. E. SAVAGE, Assoc. M. Am. Soc. C. E. 


R. E. Savace™, Assoc. M. Am. Soo. OC. E. (by letter).“*—A complete review 
of a new and important subject is presented in this paper. Mr. Conkling has 
handled the legal background of water legislation and Court decisions in an 
able manner. The paper points out some of the implications of public control 
of ground-water, assuming that such control will be exercised by the States in 
a wise and inclusive manner, in places where there is an economic justification 
and need for such a program. 

The extreme variation in topographical, geological, and climatic conditions 
in the United States present a wide basis for the application of remedial legis- 
lation and governmental control of ground-water. In addition, there is the 
differing laws, customs, and application of laws by Civil Courts, resulting in 
the building up of a complicated structure. The author has emphasized 
all these phases and has shown the need for future control of underground 
water through the growing use of it for beneficial purposes. 

The increase in population and the decreasing water supplies have 
brought the need of conservation of water to the fore. There is an ever-increas- 
ing demand for large supplies of water of relatively high standards of quality 
for industrial purposes in the centers of population in the United States. Large 
metropolitan areas have striven heroically to meet this demand by the construc- 
tion of aqueducts bearing the supplies of mountain water-sheds a great distance. 
It is evident, however, that the economic and physical limit of these distant 
supplies is in sight. In the past few years engineers have witnessed a height- 
ened discussion of the climatic cycles and their relation to the quantity of 
run-off water available for storage, irrigation, and domestic use, and the 
studies presented have been of absorbing interest. There is an increasing 
efficiency and excellence in the design of pumping machinery and motor-power 


i ae ee SEE EE 
.—Th aper by Harold Conkling, M. Am. Soc. C. E., was published in April, 

Desa N or ccdedinos: Eiscuadion on this paper has appeared in Proceedings, as follows: 

August, 1936, by Messrs. Joseph Jacobs, and W. D. Faucette and J. BH. Willoughby. 


i Asst. Bngr., California Railroad Comm., San Francisco, Calif. 
2a Received by the Secretary September 2, 1936. 
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equipment for the utilization of ground-water. There should be a correspond- 
ing advance in regulation and protection and in making the existing ground- 
water supplies available. 

The writer has been greatly impressed by the need of regulation, by law, 
of the loss of wells in basins subject to harmful encroachment from salt water 
from adjacent coast lines and inlets, and also the need of eliminating the 
waste from virgin artesian supplies due to careless and destructive methods. 
There is no doubt that much benefit would result from the co-ordinated contro] 
of ground-water by public authority. After reading the paper, one is more than 
impressed with the need of distinct legislation for the various phases of water- 
supply control, wisely and skilfully drafted. 

Any student of ground-water resources realizes the necessity of collecting 
information concerning the geologic nature, the history, and the yield of 
wells. In the private development of ground-water much of this information 
is lost, and these data can be collected and made available by future regulation. 

In this comment on the physical aspects the writer has endeavored to 
keep in mind the difficulties besetting the progress of any comprehensive pro- 
gram of public control of ground-water, because of the diversity of the legal 
treatment of property relations in the ownership of water in the various 
States and political subdivisions. Mr. Conkling has ably clarified this phase 
of the situation. As stated under the heading, “Conclusion”, it is incompre- 
hensible that the control should be taken from the State, due to complex and 
extensive legal framework that has been constructed in the past as a means of 
controlling the surface waters. 
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DYNAMIC DISTORTIONS IN STRUCTURES 
Se DJIEGTED 10: SUDDEN EARTH SHOCK 


Discussion 
By MEssrRs. ARTHUR C. RUGE, AND H. M. ENGLE 


ArtuHur CO. Rugs.’ Assoc. M. Am. Soc. OC. E. (by letter).°*—Engineers who 
have been complacently designing “quake-proof” structures by the statical 
method will find much to disturb their peace of mind in Professor Williams’ 
excellent paper. The importance of considering the dynamics of structures 
is made clear, and the author has experimentally demonstrated the validity 
of theoretical analyses in a manner that should satisfy the most skeptical. 

The author’s attitude toward interpreting the results obtained from experi- 
ments in simple harmonic motion is well taken. To carry the interpretation 
beyond the first one or two cycles of the assumed simple ground motion 
is meaningless from the engineering standpoint and, as the results show, is 
unnecessary in the case of elevated water tanks. The writer was led to sub- 
stantially the same conclusions that Professor Williams has stated by means 
of experiments of quite a different character, in which the water motion 
in the tank was not neglected. 

There is only one statement in the paper (see “Conclusions”) which seems 
to the writer to be open to question: “The results of the investigation 
further emphasize the desirability of designing a structure with a period 
different from that of an expected earthquake.” 

Unintentionally, this statement is misleading because there is no known 
single period or narrow range of periods to be expected in an earthquake, 
and because the practical problems of avoiding even the known earth- 
quake periods are quite difficult in the case of tall tank structures. 

Tf, for the sake of argument, one assumes that there exists in an earth- 
quake a motion having the simple form expressed by Equation (1), in which 
27 

2 
nance with the tank), then Professor Williams has shown that critical stresses 
will be reached during the first cycle of the ground motion. Now, suppose 


Notn.—The paper by Harry A. Williams, Assoc. M. Am. Soc. C. B., was published in 
May, 1936, Proceedings. This discussion is printed in Proceedings in order that the views 
expressed may be brought before all members for further discussion of the paper. 

® Research Assoc. in Seismology, Dept. of Civ. and San. Eng., Mass. Inst. Tech., Cam- 
bridge, Mass. 

9a Received by the Secretary June 3, 1936. 
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it is decided to strengthen this structure in order to destroy the condition 
of resonance. Let the new stiffness be twice the original stiffness (which 
means the addition of 8 or 10 tons of steel to the framework); the new 


1.45 
Nee 


or 1.02 sec. 


natural period of vibration will be 


Tower Deflection 

Tower Deflection Free Period = 1.45 Sec 

Free Period — 1.02 Sec ————“F"*— (Original Structure) 
(Stiffened Structure) 


ritical Deflection 
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(a) TOWER DEFLECTION 
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Maximum Acceleration 
= 4.8% Gravity 


(6) GROUND MOTION 
T = 1.45 Sec; Amplitude = 1 Inch 
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Fic. 8.—EFrect or DOUBLING THH TOWER STIFFNESS TO AVOID 
RESONANCE. 


Fig. 8 shows the deflections of the stiffened structure as compared with 
the curve for the original structure in Fig. 7 (shown dotted in Fig. 8). It is 
seen that critical stresses are still reached during the first cycle of the ground 
motion. Hence, although the stiffening has limited the deflections, it has not 
prevented overstressing of the structure. Once the elastic limit has been 
exceeded, the subsequent behavior of the structure is largely a matter of 
chance and the calculated deflections become fictitious (that is, ‘after 
t = 1.25 sec). 

Now, suppose the earthquake motion contains, somewhere in it, one wave 
of 1-sec period with a 1-in. amplitude, as well as one wave of 1.5-sec period 
with a 1-in. amplitude (both of which are entirely possible). Doubling the 
tower stiffness would then have absolutely no beneficial effect and, even if 
the stiffness of the original structure were to be quadrupled, critical stresses 
would still be reached, and the stiffening would not have achieved its purpose. 
Furthermore, since the wave periods and amplitudes cannot possibly be pre- 
dicted in advance for an actual earthquake, it clearly depends purely upon 
chance whether a moderate amount of stiffening aa increase or decrease 
the safety of a given tank structure, 


ne > 


September, 1936 ENGLE ON EARTH SHOCK DISTORTIONS IN STRUCTURES 1091 


Measurements of actual tank-tower periods made” by the U. S. Coast and 
Geodetic Survey clearly illustrate how little is accomplished in avoiding 
known earthquake periods by moderate strengthening of structures in the 
60 000 to 100 000-gal class. These excellent data should be of inestimable 
value in analyzing failures in future earthquakes. 

The author rightly points out that consideration of the behavior of elevated 
water tanks beyond the critical distortion stage is of importance in attempting 
to explain many of the near-failures in the Long Beach, Calif., earthquake. 
In this phase of the problem chance again enters to a great extent. Even 
given some simple analytical method of attack, there is little justification 
for applying mathematical analysis very far beyond the yield point because 
of the strong probability of one side of the tower failing before the other 
side, which means almost certain collapse of the structure if the strong earth- 
quake motions have not ceased by that time. 

The Long Beach earthquake was indeed violent, but the most violent part 
was over in a few seconds. What might have happened to the many near- 
failures had there been a few more seconds of strong shaking can only be 
conjectured. There is reason to believe that the strong-motion phase of the 
San Francisco earthquake of 1906 was of longer duration than that of 
the Long Beach shock. 


H. M. Encur.” Ese. (by letter).“W—The Long Beach, Calif., earthquake 
of March 10, 1933, stimulated interest in the behavior of structures of various 
kinds. Elevated tank towers were adversely affected in many cases (although 
only three collapsed), and considerable attention has been focused on this 
particular type of structure. Due to the symmetry and structural simplicity 
of design, these towers lend themselves to model experiments and to theoretical 
attempts to explain what happened as well as to the determination of what the 
proper means of safeguard may be. 

There has been a tendency on the part of those interested in shaking-table 
experiments and so-called “dynamic design” to consider the behavior of these 
structures as somewhat of a mystery, requiring complicated model study and 
theoretical experimentation. The writer has had intimate contact with the 
investigation, re-bracing, and repair of perhaps one hundred of such struc- 
tures and also of a number of new towers. It is his belief: (1) That there is no 
particular mystery involved; (2) that a reasonable explanation of the dam- 
age can be made; and (3) that design to give assured safety against earth- 
quakes is neither difficult nor economically impossible. Furthermore, no 
radical change in the proportions of towers, method of bracing, erection 
procedure, or past methods of design are necessary even if design in the past 
has been based on a static method of analysis. At present, there is no definite 
proof that the static method of analysis involves any more assumptions or 
uncertainties than the so-called dynamic method. A static analysis of 
damaged towers shows that they should have failed where failure occurred. 


——_— : 
10 Bulletin, Seismological Soc. of America, January, 1936. 
ufngr., Board of Fire Underwriters of the Pacific, San Francisco, Calif. 


lua Received by the Secretary August 17, 1936. 
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There should be no particular mystery about a structure being damaged under 
action of forces of a magnitude it was never designed to resist. The writer 
does not mean to infer that all tall towers of standardized design were wrecked 
or fatally damaged. Considering that they were braced for wind loads only, 
their behavior was surprisingly good, and not such as to warrant the 
idea that the entire conception of their design is faulty for earthquake resis- 
tance. They are the result of long years of development and, contrary to some 
expressed opinions, are skilfully detailed and proportioned not only to econo- 
mize but also to utilize the metal involved to its fullest extent. 

Following the Long Beach shock of March 10, 1933, the writer inspected 
in detail a large number of tank towers, some in the Long Beach area and 
many in other parts of California which had never been subjected to a severe 
shock. It was found that the towers had usually been erected with the bracing 
rods rather loose. Conversation with the erection foremen brought out the 
fact that in some cases this was done purposely as it was considered desirable 
that the tower be somewhat limber. How this idea originated the writer was 
unable to discover. In some cases the towers were considerably out of line. 
It is probable that correction of this defect alone would have reduced, some-~ 
what, the damage to such structures in the Long Beach area. It is easy to 
see that, where loose, the rods would pick up their loads with a jerk. The tank 
would surge around on the tower, with possible heavy impact. Furthermore, 
twisting of the tank on the tower would be possible. Proper rigging with rods 
having good initial tension would reduce these secondary effects and would 
give a better chance for the structure to develop its strength effectively. 

In the past most tanks have been built with hemi-spherical bottoms and a 
body about as high as, or somewhat higher than, the diameter. The tower 
legs are attached at the junction of the bottom and the cylindrical shell. 
The center of the mass of the tank and water is, therefore, a considerable 
distance above the column-to-tank connection. Under lateral movement the 
tank would tend to rotate in a vertical plane about the top of the tower. With 
wave action developed in the tank appreciable stresses could be developed in 
the tower and bracing. With loose rods this tendency to rotate on top of the 
tower might add additional impact. Tanks with ellipsoidal bottoms have 
this defect in a less degree, and the writer believes their more general use 
in earthquake zones would be desirable. 

In regard to tank design and behavior a number of problems may be dis- 
cussed. Consider three tanks, each with a capacity of 100000 gal. Let one tank 
be 75 ft in diameter and 3 ft high, with a flat bottom (see Fig. 9(a)). It 
could probably be shaken indefinitely without any appreciable lateral forces 
due to weight of water being developed. Friction beetween tank and water 
would be small. No appreciable wave action could develop. It would be much 
like a popeorn shaker. Consider another tank 12 ft in diameter and 132 ft 
high (see Fig. 9(c)). Under shock probably the entire mass of water, or 
most of it, would have to be moved. Consider as a third tank the common 
standard design approximately 22 ft in diameter and 24 ft high (see Fig. 9(b)). 
The action of this tank would probably be intermediate. A certain proportion 
of the water would probably move with the tank, and appreciable wave action 
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could develop. <A strictly theoretical analysis of one of these towers to resist 


earthquake is probably impossible, being a complicated problem in wave 
action combined with various inertia effects, all produced by a chaotic earth 
motion impossible, as yet, to forecast. Perhaps Nature’s shaking-table experi- 
ments on full-sized structures are the best guide. Actual disaster experience 
where properly interpreted is a fairly good foundation for basing future prac- 
tice. One tower near Long Beach known to have been designed for a lateral 
force of 10% of the weight was undamaged in the shock of March 10, 1933. 
A static method of analysis was used with the lateral force applied at the 
center of gravity of the tank. 


| 


AND3FT HIGH TANK AND 132 FT HIGH 
Fig. 9. 


Proponents of dynamic design have laid considerable emphasis on the 
natural period of structures, generally assuming that there are certain danger- 
ous and predominate natural ground periods which should be avoided. A 
period of from 1 sec:to 1.5 sec has often been considered to be particularly 
dangerous and one to be avoided. As far as the writer can discover there is 
no certain basis for this belief. It is not concurred in by all outstanding 
seismologists. Periods from a fraction of a second to several minutes have 
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been recorded. For instance, both the Long Beach and Helena (Mont.) shocks 
had natural periods of only a fraction of a second. It would appear that the 
range of natural periods of structures is such that it is nearly impossible to 
dodge the possibility of a comparable natural ground period. 

Resonance is often dwelt on in connection with behavior of structures. The 
danger from resonance has probably been exaggerated. The chaotic and 
changing nature of the earth motion alone takes away some of the danger. 
It is probable that the combination of tank and water has no set natural 
period of vibration. The movement of the water in the tank probably has a 
tendency to break up the natural period of the tank and water as measured 
under the slight movement produced by moderate wind pressure. It is also 
a proved fact, and one consistent with structural design, that as a structure 
is damaged or loosened in an earthquake its natural period changes. Few 
structures are put together so that some loosening might not occur in a 
severe earthquake even if the resulting damage was minor. Any change in 
a structure’s natural period during an earthquake would have a tendency to 
break up resonance. 

The design of a tank tower to resist an earthquake is essentially the same 
as the design of a dam. The tank is alternately moved into and away from 
a fluid mass of water. What part of the water is actually moved is problem- 
atical. In the tank also wave action is a complicating factor. It might be 
good practice to omit the roofs from these tanks and let the water splash 
out in an earthquake. Such splashing might act as a safety valve. 

Mr. Williams makes several statements which deserve comment. Toward 
the end of that part of the paper entitled “Theoretical Behavior of an 
Elevated Water Tank” he states: “It is quite possible that many of the 
failures took place very soon after the start of the major shock * * *”, 
The writer believes strongly that such action was quite improbable and not 
consistent with the failure of steel tension members. Although a steel rod 
might be crystallized and snap suddenly, in most instances such would not be the 
case. Stretching takes place first and it takes an appreciable time to jerk 
the rods apart. It is altogether probable that the breakage occurred at 
about the close of the heavy shaking and that the cessation of the shock was 


all that saved many towers from collapse. The three towers which collapsed 


were probably those in which breakage occurred early in the shock. The fact 
that the towers stood after extensive rod breakage speaks well for the 
strength and rigidity of the column-to-tank shell connection. The idea that 
rods broke generally at the start of the shock seems to the writer so incon- 
sistent with a knowledge of usual steel failure and earthquake motion, that it 
is difficult for him to understand how it was ever proposed, except as an 
attempt to justify certain assumed dynamic action. If all the breakage 
occurred early in the shock why did such a large number of rods take “time 
out” to stretch? Under the heading “Conclusions”, Mr. Williams states: 
“The results of the investigation further emphasize the desirability of design- 
ing a structure with a period different from that of an expected earthquake.” 
Who is going to forecast what type the expected earthquake will be, or how much 
energy will be released, or exactly how the varying types of soil in a district 
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will respond? Who will guarantee that the period of the grand motion will be 
0.2 sec, on 1.5 sec? Who will guarantee what time of year the shock may 
occur and whether the soil in a district is saturated and lubricated from long 
rains, or well drained after a long dry period? It seems to the writer 
that when some one can foretell what type the expected earthquake will be that 
assured earthquake prediction will be achieved. Some competent seismologists 
doubt whether such exact prediction will ever be possible. It certainly is not 
possible now. 

Many of the measurements of natural periods of vibration of structures 
are of no practical value whatever unless closely correlated with the known 
features of structural design. ‘There has been ample disaster experience to 
show that, as yet, no practical substitute has been evolved for ample and 
assured strength and unity of structure. 
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FLOOD PROTECTION DATA 
PROGRESS REPORT OF THE COMMITTEE 


Discussion 


By MEssrs. JOHN C. HOYT, AND C. S. JARVIS 


Joun OC. Hoyt,’ M. Am. Soo. C. E. (by letter).°*—Technical studies may be 
directed along two lines: (1) The collection of physical and other data; and 
(2) analyses and discussions based on these data. It has been noted that con- 
sulting engineers, planners, and promoters of various kinds appear to be more 
interested in the second line than in the first. It is also noted that the amount 
of work in connection with the second line usually decreases as the basic data 
increase. At present, much more attention is being given to technical studies 
than to the collection of basic data needed for those studies. That this is true 
is indicated by the report of the Committee and by statements of so-called 
experienced consultants. 

Considering the many years that have passed and the many years that are 
to come, comparatively little information is available in regard to natural 
phenomena, and, as a result, it has been impossible to predict any future 
occurrence with certainty. This is especially true in regard to floods as 
illustrated by the following examples. 

In 1881, the maximum flood discharge of the Sacramento River was esti- 
mated at 100000 cu ft per sec. The report of the Commissioners of Public 
Works of California for 1905 contains what is generally known as the 
“Dabney report”, prepared in 1904 by a board of engineers consisting of 
T. G. Dabney, State Levee Engineer, Mississippi; the late Henry B. Richard- 
son, M. Am. Soc. OC. E., member of the Mississippi River Commission; M. A. 
Nurse, Chief Engineer, State of California, Commissioner of Public Works; 
and the late H. M. Chittenden, Colonel, Corps of Engineers, U. S. Army, 
M. Am. Soc. C. E. This report outlines a project for the rectification of 
the Sacramento and San Joaquin Rivers and their principal tributaries. 
Paragraph 8 of the report states: “From the foregoing data, and with the 
allowance for the conditions described in the last paragraph, it is believed 


Norn.—The Progress Report of the Committee on Flood Protection Dat 
at the Annual Meeting, New York, N. Y., January 15, 1936, and publiahed 4a inna 
yee eR Ae oye eh yk report nee appeared in Proceedings, as follows : 
ril, , by Messrs. Robert Follansbee, an to) ‘ ‘ 
C. R. Pettis, M. Am. Soc. C. B ; Soy Hei Bhemans and August oe 
® Cons. Hydr. Engr., U. S. Geological Survey, Washington, D. C. 
®a Received by the Secretary June 1, 1986. 
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that any scheme looking to the carrying of the run-off of the Sacramento 
watershed within the leveed banks of the river should make provision for a 
discharge of 250000 second-feet below the outlet of Cache slough.” 

The report on the Sacramento flood-control project, revised plans, sub- 
mitted to the Reclamation Board by W. F. McClure, State Engineer of Cali- 
fornia, in February, 1925, states (page 12): “The floods of 1907 and 1909 
demonstrated the fact that floods more than twice as large as that for which 
the Dabney project has been designed should be used as a basis for a flood 
control project”, and (page 18), “during cycles of wet years, general floods as 
much as 50 per cent greater than the 1907 flood may occur.” 

A complete history of the flood-control situation on the Sacramento River 
may be found in “Extract from House Report No. 616, Control of Floods on 
the Mississippi and Sacramento Rivers—Supplemental Report on Flood Con- 
trol of the Sacramento River”,” submitted by Mr. Charles F. Curry, of the 
Committee'on Flood Control. 

In designing the dam for the Sacandaga Reservoir which controls an area 
of 1040 sq miles, 56 600 cu ft per sec was estimated as the 1000-yr flood. In 
this estimate all existing data were used and interpreted in the light of the 
best judgment of the engineers in charge. During the floods of March, 1936, 
there were seven days when the flow approximated 55000 cu ft per sec, 
and the actual peak was about 65 000 cu ft per sec. 

The foregoing estimates were the best that could be made from the data 
available, and no criticism can be directed to the engineers who made them 
or to the organizations represented. They are presented only as an illustra- 
tion of the futility of attempting to use any substitute for actual stream-flow 
data. 

Much money and effort are being expended in working over and over old 
data, and as a result many generalized reports have been issued which, in the 
main, “do not arrive.” The fact that information on past natural phenomena 
is so meager is deplorable. In the interest of those who follow, more attention 
should be given to insuring the collection of the fullest information in 
regard to passing natural phenomena which will be essential for future wise 
planning. 


O. S. Jarvis M. Am. Soc. OC. E. (by letter).““—The broad understanding 
and comprehensive, clear-sighted views concerning flood data and related prob- 
lems, as shown in this progress report, are consistent with the ideas expressed 
by individual members and developed during successive conferences and con- 
sultations with reference to subject-matter and procedure in this field. The 
Committee had been appointed and delegated by the Society to assist in 
the guidance of investigations reported” by the U. S. Geological Survey. 
Naturally, this work included such preliminary studies as reviews of the best- 
known methods of summarizing, plotting, and analyzing flood records; the 

10To accompany H. R. Doc. No. 14 777, 64th Cong., ist Session, 1916. 

11 “Hydr. Engr., Soil Conservation Service, Washington, D. C. 

iia Received by the Secretary August 31, 1936. 


12 “Floods in the United States—Magnitude and Frequency”, Water Supply Paper 771, 
U, S. Geological Survey. 
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determination of what classes of data are the most significant and representa- 
tive; and the adoption of suitable forms for various tabulations. 

Throughout the period of association on this work, the members of the 
entire staff engaged on the project were aware of the able leadership and 
earnest team-work maintained by the U. S. Geological Survey and the Com- 
mittee in both administrative and technical matters, and in both advisory 
and supervisory capacities. This experience has confirmed the writer’s opinion 
that the analysis and interpretation of available hydrologic data should be a 
continuing responsibility of the governmental agencies charged with the col- 
lection of such information, and, particularly, this should be a prescribed 
duty of those organizations best equipped for its authoritative rendering in 
usable form. 

Determined efforts to bring the most notable flood records to date for 
Water Supply Paper 771 were ruthlessly offset by the catastrophic floods of 
the following years, 1935 and 1936. These floods have established new records 
on a number of river systems and have provided further proof of the disparity 
between brief or fragmentary hydrologic records and the actual potentialities 
of such streams for flood flow. 

In his eagerness to accumulate hydrologic records, the civil engineer is 
prone to overlook the fact that the flood potentialities, probabilities, and fre- 
quencies are the more valuable and significant data, one step removed from 
the basic records, and attainable only through competent analysis and interpre- 
tation. Notable progress in this direction was achieved by the Boston Society 
of Civil Engineers after investigating the New England floods of November, 
1927. The resulting total run-off formula, Q = C R »/ A, expressing peak 
flow in cubic feet per second as a function of rainfall and drainage area as 
modified by the coefficient, C’, was associated with the idea of a fairly constant 
base for hydrographs of storm run-off at a given station, the peak varying 
with total run-off. The later development, extension, and application of this 
concept by L. K. Sherman and Merrill M. Bernard, Members, Am. Soc. C. E., 
resulting in the unit hydrograph method and its corollary relationships, have 
further simplified the problem. 

Following the most promising trends for determining flood probabilities 
and potentialities, the hydrologist is concerned primarily with: (a) Rainfall 
intensities and cumulative depths for various units of time; (b) the portions 
of such precipitation likely to appear as run-off; and (c) the peak discharge 
and the total flood volume for which provision should be made, either in chan- 
nels, detention basins, retarding features, storage reservoirs, or combinations 
of them. Successive steps along lines of accepted procedure will readily define, 
thereafter, the flood magnitudes likely to be equaled or exceeded in given 
periods, as 20, 50, or 100 yr. Some leaders in this field of investigation pre- 
fer to deal with the average magnitudes of expected floods, thus adopting 
somewhat higher discharges, corresponding to about twice the periodicities of 
the floods “equalled or exceeded”, . 

With these derivations completed from adequate basic data, it is often 
discovered that the probable flood potentialities of adjacent or intervening 
drainage basins, with but meager if any hydrologic data, have emerged from 
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the unknown realms to the known, or, at least, to the “twilight zone”. By this 
process the writer had been led to expect more severe flood flows than were of 
record in Central New York State, and had long been at a loss to explain 
the relatively low flood peaks there prevalent as compared with the adjacent 
Ohio Valley and the New England States. Subsequent to that investigation, 
the 1935 and 1936 floods in that region have measured fully up to expectation, 
or somewhat beyond in some instances, especially where the ratings on Myers 
seale exceeded 50 per cent™. 

By all means, the recommendations of the Committee should be indorsed 
and followed in detail, utilizing existing facilities and supplementing them as 
found necessary, and the same members should be retained for active duty 
in advisory capacities in order to insure realization of their express: d aims 
and concepts. 


18 “New York State Flood of July, 1935”, Water Supply Paper 778-E, U. S. Geologi- 
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PRINCIPLES TO CONTROL GOVERNMENTAL 
EXPENDITURES FOR PUBLIC WORKS 


FIRST PROGRESS REPORT OF COMMITTEE OF 
ENGINEERING-ECONOMICS AND FINANCE DIVISION 


Discussion 


By Messrs. J. K. FINCH, ALBERT GIVAN, EDWARD HYATT, 
CLARENCE H. KROMER, A. G. MOTT, AND C. S. POPE, AND 
JOSEPH JACOBS. 


J. K. Fincu,” M. Am. Soc. C. E. (by letter).“*.—Few engineers, who have 
given thoughtful, consideration to this subject, will question the necessity of 
establishing a reasonable program for the investment of public funds such 
as the Committee suggests. ~ 

The members of the Committee apparently intended that the principles 
enunciated in their progress report should apply to public works policies and 
practice in general, although they have set up these principles “to guide a 
Federal Public Works Program.” To-day, of course, Federal activities and 
funds are the main element in the public works field and constitute the chief 
present activity of the construction industry. Under normal conditions, 
however, Federal works account for only 10% of public construction. State 
expenditures average about 15% (mostly highways), counties and towns take, 
verhaps, 25%, but it is the many municipalities, scattered all over the country, 
which normally spend at least one-half the money used annually for public 
works. Under normal conditions, therefore, the principal public works prob- 
lem is concerned with municipal rather than Federal activities. 

Noty.—The Progress Report of the Committee of the Hngineering-Economics and 
Finance Division on Principles to Control Governmental Expenditures for Public Works, 
was presented at the Annual Meeting, New York, N. Y., January 15, 1936, and published 
in February, 1936, Proceedings. Discussion on this report has appeared in Proceedings, 


as follows: April, 1936, by Messrs. Edward W. Bush, Fred Lavis, and Horace H. Sears: 
and August, 1936, by Messrs. Ivan C. Crawford, and Samuel B. Folk. ; 


2 Renwick Prof. of Civ. Eng., and Direct Ss SS) i i 
Univ, New York, N.Y. or of Summer School of Surveying, Columbia 


22a Received by the Secretary April 30, 1936. 
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Thus, while the Committee’s proposal for a Federal Board of Engineering 
Review could be developed in a similar form for State works, it is difficult 
to visualize how it could be further extended to cover municipal undertakings. 
Thousands of such boards would be required, and many municipalities could 
not afford to secure the highest type of engineering advice which is an 
essential to the proposed plan. 

In fact, such a board, at best, must be purely advisory—approval and 
appropriation of public funds rests with Congress, with the State legislatures, 
with municipal councils, or they may be dependent on general referendums. 
Such'a board cannot have any final authority. Its purpose must be primarily 
to insure that proposed projects are given adequate study and economic 
analysis by a competent group of unbiased experts. It is public opinion 
which in the end shapes the policies of representative government. 

In the past, of course, Congress has listened attentively to the advice 
of such a board, but it is obviously necessary for a board of this type to 
develop non-partisan methods of bringing the results of its studies to the 
attention of public officials and to the electorate. In the end reliance must 
be placed on informed public opinion. The Government Printing Office is 
already a “morgue” for thousands of public documents and, without final 
authority, and lacking any effective means of bringing its findings to public 
attention, such a board, even if limited to Federal and State works, would 
simply add new volumes to the existing collection of forgotten records. A 
proposal very similar to that of this Committee has recently been made by 
Mr. OC. Hartley Grattan® who points out the difficulties of making such a 
board an effective instrument in directing public policies toward sound eco- 
nomic growth and the sensible investment of public funds. 

Another point in the Committee’s progress report demands comment. In 
preparing this report, the Committee evidently had two major problems 
in mind, one dealing with policy and one with practice. It has emphasized 
the necessity of “sound economic considerations” and has also set up stand- 
ards for “evaluating the benefits of public undertakings.” 

Apparently, the Committee believes that the present policy of undertaking 
public works in competition with private enterprise on an unfair, uneconomic, 
and destructive basis should be stopped. When Federal funds are used to 
build hydro-electric plants and power is sold to the public at rates far below 
cost through the simple expedient of marking off to non-existent navigation, 
or some other equally visionary use, a large part of the capital expenditure, 
the Government is no longer co-operating in the economic rehabilitation 
of the nation. It is not only undermining legitimate business enterprise, 
but it is also destroying important sources of public income. When funds 
are “granted” to municipalities for the construction of municipally owned 
power plants to replace existing private plants that are furnishing good 
service at reasonable cost, as, for example, at Iowa City, Towa, or as was 
proposed in New York, N. Y., the local power users are being subsidized at 


2 “Working for the Government”, Scribner’s Magazine, February, 1936, p. 100. 
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Federal expense in a movement which cannot fail in the end to demoralize 
the economic life of their community. 

No thoughful man will take issue with the ideas of the Committee on 
this subject, but it does seem extremely doubtful whether even a Supreme 
Court can alter a policy which depends for support on local public opinion. 
“The money is there”, says the local power user, looking no further than the 
monthly electric bill, “and we might as well take advantage of the possibility 
of lower rates.” The nation has had sufficient experience with attempts to 
secure temperance through legislation, so that corresponding efforts to 
legislate economic common sense will be regarded with suspicion. As Daniel 
Webster pointed out more than 100 yr ago, in a famous address on internal 
improvements, this tendency to wasteful and destructive spending is one of 
the great dangers of so-called representative government. It is inherent in 
that form of government and cannot be cured by legislation. 

The efforts of any type of Engineering Board of Review, therefore, must 
be directed toward informing the people’s representatives on the “pros” and 
“eons” of proposed expenditures and toward securing public support for sane 
policies of public investment. The problem is one of information and educa- 
tion and the success of such a board will rest in large measure on the 
effectiveness of the organization which is developed for broadcasting the ideas 
and ideals of the Board. 

Finally, on the matter of “practice” all engineers will agree that an 
evaluation of benefits, as full and complete as the best of modern methods 
permit, forms an essential first step in deciding whether a proposed public 
work is economically justified or must be looked upon as a luxury to be 
afforded only if the state of the public treasury is such that a financially 
unproductive expenditure can be undertaken. -The constructive suggestions 
of the Committee along these lines form a most valuable part of the report. 
Here again, however, much must be done in educating public opinion to the 
fact that financially unproductive expenditures mean increased taxes. <A 
large number of people to-day seem to feel that the Government finds funds 
in some mysterious way, and the question of whether these funds are spent 
on revenue-producing works or for public luxuries is unimportant. Every 
borrowed dollar spent will cost the taxpayers at least $2 or $3 in interest 
and amortization charges before the debt is cancelled, but past records seem 
to indicate that the public will take no action until the burden of ever- 
mounting taxes finally results in protests against unnecessary and unwise 
Government spending. Even the Committee’s simple and obviously sensible 
principle of evaluating benefits before spending public funds, therefore, will 
fail of acceptance until a large amount of pioneer work has been done in 
educating public opinion. 

It is to be hoped that the Committee will develop more fully the plan 
for Engineering Boards of Review, and will publish its final report in a 
form which may be widely distributed to members of the Society and to 
others interested in this vital problem. 
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AxBErT Givan™, Epwarp Hyarr™, Cuarence H. Kromur™, A. G. Morr”, anp 
C. S. Popr™, Mzmpnrs, Am. Soc. CO. E. (by letter).*"—Objections to this report 
should be registered on the grounds that: (1) The subject raised is not a 
proper one for a Division of the Society upon which to issue a pronouncement; 
and (2) even if it were in a field properly subject to civil engineering review, 
the Division should not undertake to advocate principles that restrict public 
works to those which meet certain prescribed economic standards. 

The reason for Objection (1) is that, far from being non-partisan, the 
report deals with one of the most outstanding partisan questions now before 
the people of the United States, and that it is entirely outside the functions of 
any official sub-division of the Society to participate in partisan activities. 

Referring to Objection (2) it is quite beyond the proper functions of an 
engineering society to advocate politico-economic criteria. «Like engineering 
principles, economic principles are, and must be, elastic. They should be 
applied to meet the varying conditions that arise, whether such conditions are 
physical or social in character. To attempt to establish a fixed principle for 
their observance is to admit either weakness or an ignorance of their 
fundamentals. 

When war prevails, or serious emergencies arise, economic principles and 
engineering practices are modified and made applicable to the conditions to be 
met. A fixed standard of principles or practice to meet all exigencies cannot 
be promulgated. 

In reviewing the seven principles enunciated, the writers find this report 
to be partisan and contradictory. For example, if the non-partisan nature of 
the Federal Agency proposed in Principle (1) is to be made secure, some of the 
other principles will need considerable revision. This is not to say that 
there is no potential value in some of these principles, but they are distinctly 
partisan in their present form and a thorough revision will be necessary to 
make them non-partisan. 

There is no more partisan principle before the people to-day than the con- 
troversy between advocates of private and public ownership, as witnessed by 
the fact that it is a major factor in the present national political cam- 
paign. The report simply lends fuel to that controversy. Certainly, the Divi- 
sion should not wish to plunge into politics in defense of either side as the 
result would injure the reputation of the Society as a whole, and the reputation 
of all its members. 

The civil engineers of the United States enjoy a high reputation and they 
can, and must, participate in an important manner in any Federal construction 


Nory.—At the meeting of the Sacramento Section of the Society this discussion, in 
formal style, was presented by the writers, constituting the Public Relations Committee 
of the Section (Mr. Kromer, Ohairman). After presentation, the report of the Section 
Committee was approved and adopted by the Sacramento Section, and the Secretary of 
the Section was authorized to transmit it to the Society for publication. 


% Gen. Mgr. and Chf. Engr., Sacramento Municipal Utility Dist., Sacramento, Calif. 
% State Hngr., Sacramento, Calif. 
28 Prin, Structural Engr., State Dept. of Public Works, Div. of Architecture, Sacra- 


mento, Calif. 
2% Director, Valuation Div., State Board of Equalization, Sacramento, Calif. 


28 Chief Constr. Engr., Calif. Div. of Highways, Sacramento, Calif. 
28a Received by the Secretary April 23, 1936. 
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program; but they will only do themselves harm by participating on either side 
in a bitter political battle. 

Principle (2) proposes that “only those projects should be included that will 
answer a definite and well established public need which cannot be met 
reasonably by private capital.” 

Principle (3) proposes that “no project should be included which would 
duplicate, or impair the value of, existing property and facilities that afford 
adequate service to the public at reasonable rates.” The enunciation of 
Principles (2) and (3) supports the contention of the writers that the report 
is of a partisan character. From a practical standpoint all the principles 
enunciated are entirely concerned with policy. Possibly such policy does not 
lead to the question of appropriations but certainly it concerns the policy 
that should govern expenditures made under appropriations, and, therefore, the 
policy which would guide the wording of appropriation bills themselves. 

Principle (3) is particularly objectionable. In the discussion supporting 
it there appears the statement that new work projects should not be under- 
taken unless existing facilities are being used to capacity. If applied strictly, 
this principle would be indefensible in the United States, which has always 
maintained the philosophy of free play of competition. For instance, under 
this principle, Federal aid would not have been given to the railroads dur- 
ing their construction periods since service was being maintained by the then 
existing primitive methods of transportation. Carrying the illustration 
further, under Principle (3), somewhat extended, the Reconstruction Finance 
Corporation would not have made railway loans in recent years since com- 
petitive roads certainly were not being used to capacity. Reasonable restraint 
on duplication of facilities is in order, but the principles enunciated in the 
report would be destructive of initiative and would penalize the public by 
perpetuating obsolete facilities. 

The principles enunciated in the report, if followed to a conclusion, would 
have restricted progress in many meritorious projects of a public character, in 
the past. Principle (6) would have eliminated most relief projects recently 
prosecuted and no body of citizens concerned with the unemployment prob- 
lem would unequivocally concede this principle in periods when unemployment 
is serious. 

Principle (7) with its explanatory discussion, lists in detail the items enter- 
ing into the cost of the project both direct and indirect. However, the much 
more difficult but equally important phase of resulting benefits is dismissed 
with a single brief and inadequate sentence. Here is a phase which deserves 
much study and on which the Committee of the Division might render useful 
service. The distribution of benefits flowing from a Federally financed project 
is a subject on which light is needed. 

The present is a time of social unrest. Scientific and mechanical invention 
and progress through the last generation, have outstripped social progress 
leaving problems to be solved, particularly unemployment created partly by 
technical advancement. Unemployment is a real problem and not a myth. 
Very likely the present is a time of social change and re-adjustment, Great 
wisdom will be required to overcome these problems. 
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It is urged that the Division does have a duty to perform; it should, there- 
fore, formulate a comprehensive statement outlining the scope of engineering 
studies that should be made, and the type of report that should be submitted 
to the public before action is taken to authorize any public works project 
(other than emergency projects). The Division would render a very real 
public service if it would advocate and insist that thorough and comprehensive 
studies be made available to the electorate and appropriative legislative bodies, 
on all appurtenant engineering and economic facts relating to a proposed 
project, so that the decision to approve or disapprove such projects could be 
made intelligently in the light of all such facts. The Division should sponsor 
the development of a set of standards outlining the nature and scope of such 
studies and should provide particularly that all benefits and burdens involved 
therein be sufficiently set forth. It should not attempt to determine social 
policies, or to establish rules for governmental administration; to attempt 
to do so would be presumptuous and would only tend to make the Society a 
partisan agency to the permanent injury of its present prestige. 

In conclusion, it may be stated that although there is potential constructive 
value in this report, it is partisan and contradictory in several places. Under 
the guise of a non-partisan statement, it is intensely partisan on one of the 
foremost political issues of the day. If this Committee report is endorsed by 
the Division it might appear to those unfamiliar with the organization, to 
convict the Society as a whole of hypocrisy as well as political bias. In its 
present form, the report will have a harmful effect upon the Society and the 
Engineering Profession, and it is hoped that the final report on this subject 
will be a truly technical and non-partisan one. If possible, it should have 
a more comprehensive scope if it is to be of aid in solving the great problem 
which the country is facing. 


Josepu Jacozs,” M. Am. Soc. OC. E. (by letter).**—From correspondence 
following submittal, to members of the Division, of the Committee’s tenta- 
tive report of November, 1935, the writer anticipated some revision of that 
report before publication. As presented, however, it is, except for minor 
editorial changes, identical with the original tentative report, both as to 
statement of principles and as to the “Remarks” or arguments supporting 
those principles. Although the writer, in the main, regards the enunciated 
principles as sound, if wisely interpreted and applied, he finds himself not 
in accord with certain phases of the supporting arguments, If the principles 
are enacted into law as the basis for future Federal action in the matters 
with which they are concerned, and if the Committee’s specific and implied 
applications of those principles are attempted, then the final outcome is 
highly uncertain because, it seems to the writer, in the Committee’s presenta- 
tion of its case there is an unfortunate confusion of important issues. The 
following discussion relates mainly to the Committee’s “Remarks” in eluci- 
dation of the principles it sets forth, rather than to the principles themselves, 
and it is drawn largely from the writer’s comments on the Committee’s 


original tentative report. 


2 Cons. Engr., Seattle, Wash. 
20a Received by the Secretary May 20, 1936. 
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There appears to be a confusion, running continuously throughout the 
report, as to certain fundamental considerations that should have been 
clarified by a preamble indicating exactly what the Committee was attempting 
to do. Was it attempting to outline a Federal policy adapted to the depres- 
sion conditions that have obtained during the past several years or one adapted 
to normal conditions. As the country is now emerging from the depression, 
and as the depression must be regarded as an abnormal condition, it would 
seem unquestionable that any permanent, Federal, public works policy 
should relate to, and be predicated upon, normal economic conditions—with, 
perhaps, some special provisions for adaptation to emergency conditions when 
necessary. Some of the confusions noted in the Committee’s presentation are: 


(a) A failure to distinguish between normal conditions and emergency 
conditions. Apparently, the report in the main, is framed for emer- 
gency rather than for normal conditions. The writer feels, strongly, that it 
should have been framed, primarily, for normal conditions. 

(b) A failure to distinguish between Federal and non-Federal public 
works. Much of the report deals with the latter although, by title, it is 
intended to refer only to the former. Normally, the Federal Government has 
nothing to do with non-Federal public works although, in respect of over-all 
taxation, future planning should take cognizance of both forms of expendi- 
tures and, to that extent, there should be some co-ordination of the two. 


The acute emergency situation that has heretofore prevailed has now 


passed, and the country should now plan for a future of normaley because 
it is already in the midst of recovery. Federal grants, subsidies, and loans 
for non-Federal public works are all abnormalities that were brought into 
being by the exigency of the depression and they should be abandoned at the 
earliest date practicable—just as soon as normalcy, or approximate normalcy, 
has been restored. The lesser governmental units (States, counties, cities, 
etc.) should return, as soon as possible, to the ordinary procedures for financ- 
ing their public works projects and should not continue to rely on the benefi- 
cence of the Federal Government. An indefinite continuance of such pater- 


nalism will tend, inevitably, to weaken the morale and the sense of financial _ 


responsibility of those lesser agencies. It might also easily lead to a definite 
Federal encroachment on State rights and that is a consummation not to be 
desired. 

It is not intended, by the foregoing comment, to imply that there should 
be no co-operation between Federal and non-Federal agencies concerned with 
public works. There is definite need for co-operation between these agencies, 
particularly as regards public works in which there is a multiple interest, but 
the prerogatives and responsibilities of these separate agencies should be 
clear, distinct, and properly safeguarded. The bearing of public works 
expenditures upon possible limitations of public credit and of tolerable taxa- 
tion make Federal and non-Federal public. works more or less inter-related. 
In this connection it is of interest to note that in the country as a whole, 
for the period, 1920 to 1932, expenditures for Federal public works averaged 
only one-eighth that of non-Federal public works and that the two combined 


on 
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were only 87% of total construction expenditures; or, in other words, that 
the total of public construction was but little in excess of one-half that of 
private construction. 

It is now desired to comment, more in detail, on the “Remarks” sections 
of the Committee report as to each of the specific principles which it lists as 
basic to a Federal public works program. Before proceeding further, how- 
ever, the writer would suggest, for the future planning of public works, an 
additional basic principle which he deems important, namely, that of budget- 
ing. Planning and budgeting must go hand in hand. Without the latter 
the former may easily over-reach itself with a resultant straining of public 
finance and an endangering of public credit. Conservation of financial 
resources is just as essential in national economy as conservation of natural 
resources; and, by conservation is meant a wise and timely development and 
utilization of resources—that is, a conservation policy of neither bottling up 
nor of wantonly wasting such resources. Public works policies and 
programs are definitely related to these considerations. 

Principle (1).—Reference to the Supreme Court in Principle (1) is 
unfortunate. No public works agency that may be created can possibly be 
endowed with a character or an authority comparable to that of the Supreme 
Court—nor should it be. The existing Federal departments would strenu- 
ously oppose, as would also the Congress, any serious effort to create a new 
organization with absolute final authority over all Federal public works 
activities. A technical, advisory body with a broad view and understanding 
of public needs, and a broad knowledge of public finance and budgeting, 
could indeed be helpful, but it need not and should not be a Court of last 
resort respecting public works, and thus usurp a prerogative of the Con- 
gress. A well-informed, technical advisory body would be more serviceable, 
and more effective, in securing approval of long-range public works pro- 
grams, than an “Authority” such as is apparently contemplated by the 
Committee. 

The name, “United States Program Authority”, as suggested in the 
report, is not definitive. There may be all kinds of Federal programs for 
all kinds of activities, and there is no indication in this proposed title that 
it is intended to deal only with public works. As stated in the preceding 
paragraph, it should not in any event be an “Authority”, but rather an 
advisory and co-ordinating body that would handle no construction work 
itself, but would leave that activity to existing Federal construction agencies. 
In determining the form of this proposed new agency, and its functions, 
serious consideration should be given to the following: 


(a) A National Planning Board comparable to, and working in close 
co-operation with, Regional and State Planning Boards. Something of that 
nature is now in existence in the National Resources Committee (originally 
designated, National Planning Board), but its permanent status and its 
financial support are not yet adequately assured, although measures toward 
that end are now before the Congress. 
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(b) A permanent Public Works Administration (PWA), as at one time 
suggested by the National Resources Committee, with, no doubt, powers 
and duties somewhat different from those that now obtain for that 
organization. 

(c) The Federal Employment Stabilization Board which has been doing 
a splendid work and which might be made effective for all those functions 
with which the Committee’s proposed new agency would be concerned. 


The first paragraph of the Committee’s “Remarks” clearly implies a 
continuance of the policy of Federal aid for non-Federal projects. As 
already stated (see Fifth Paragraph), that Federal policy was adopted solely 
to meet an acute economic emergency, and it should be abandoned with the 
passing of the emergency. It should not become a permanent Federal policy. 

Principle (2).—It is suggested that all reference to communist, fascist, or 
capitalist types of governmental organization should have been omitted from 
the “Remarks” pertaining to Principle (2). These references are wholly 
non-essential to the Committee’s clean-cut initial statement as‘ to what is 
meant by “public need.” Such extraneous matter detracts from the directness 
of the initial statement and raises issues not pertinent to the question in 
hand as, indeed, the “Remarks” themselves specifically assert. The state- 
ment that projects should be given priority in accordance with their relative 
importance might also be omitted because it is fully covered in Principle (4) 
where its discussion properly belongs. 

In the Committee’s Sub-Paragraphs (A) and (B) there is persistent con- 
fusion of Federal and non-Federal public works, and of emergency and normal 
public works activities, to which reference has already been made. WNor- 
mally the Federal Government has nothing to do with city halls or with 
parks, schools, hospitals, etc., of the lesser governmental units, and this 
report, per title, is intended to deal only with Federal public works. It has 
already been indicated that, in the writer’s judgment, there should be co-opera- 
tion between Federal and non-Federal agencies in respect to public works in 
which there is a multiple interest (flood control, river and harbor improve- 
ments, highways, etc.); and also some mutually agreeable and practicable 
co-ordination in respect to total public expenditures; but beyond these the 
Federal Government should not concern itself with, nor presume to inject 
itself into, local affairs. 

Principle (3).—The writer agrees heartily with Principle (3), wisely 
applied, but he does not agree at all with the statement that it “would exclude 
projects of reclaiming arid land or draining wet lands unless all other culti- 
vable lands in the country were being used to capacity.” In the first place, 
reclaimed arid land, properly irrigated, may, and in fact generally does, pro- 
vide a more valuable and more profitable argiculture than ordinary cultivated 
land. To contend that there should be no development of the former until 
all the latter has been exhausted is not only unsound economically, but it 
condemns unjustly much of the Western domain, largely dependent on irri- 
gation, to non-development for an indefinite period of years. Secondly, 
for a wholesome national growth, and also for defense purposes in a military 
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sense, there should be encouragement of a more or less uniform development 
throughout the United States. Moreover, there should be provision, within 
reason, for people making their homes and livelihood in places of their own 
choosing, and they should not be regimented or compelled to live in locali- 
ties against their wishes and desires. It is just as logical to state that no 
more houses shall be built in Denver, Colo., as long as there are vacancies 
in Philadelphia, Pa., or in Boston, Mass., as to contend that no irrigable 
lands should be reclaimed as long as there are non-irrigable lands not yet 
fully developed. Finally, with many sub-normal and drought-stricken areas 
going out of cultivation, with continued growth of population, and with the 
extant, gross exaggeration as to excesses of agricultural production, there is 
need for new agricultural development, particularly in the West. 

The writer cordially agrees with the proposition that it should not be the 
policy of the Federal Government to build cement plants to meet the require- 
ments of its extensive construction operations, but the implications of the 
statement by the Committee are too broad. The Government should not 
build such plants except as a last resort but it should not be estopped there- 
from if fair bids for cement cannot be obtained from private establishments. 
The Committee should look into the history of cement prices tendered for the 
Roosevelt Dam, in Arizona (which, upon both the first and second calls for 
bids, were exorbitant), and note how the Government felt compelled, in self- 
defense, to erect its own plant for that construction, and did so with a 
resultant material saving in cost. The statement of the Committee should 
be qualified. 

That the replacement value of an old plant should always be added to the 
cost of the new one, even if the added cost is not charged to the consumer, 
is at least a debatable question. Condemning or burdening a procedure that 
might result in the destruction of an old and uneconomical plant, and the 
construction of a new and economical plant, is also debatable economic 
philosophy. Just what does the Committee mean by “a fair proposal 
to write off some of the remaining investment in the old plant”? Industrial 
advance does not lie in the direction of perpetuating the uneconomical, and 
the principle of competition should be safeguarded in respect to those indus- 
tries that are properly competitive within themselves. Progress requires that 
the old and less economical shall yield to the new and more economical even 
if a loss may thereby be imposed upon the former If the Committee has in 
mind some form of subsidy for the old and uneconomical, when supercession 
by something new and more economical is threatened, then it is proposing a 
policy subject to the possibility of serious abuse against the public interest 
unless it is very carefully safeguarded. 

Principle (4).—Why should the Committee, in its “Remarks” pertaining 
to Principle (4), assume, or encourage the idea, that the United States Govern- 
ment, as a permanent Federal policy, should underwrite all, or any part, of 
purely local, non-Federal public works projects. As the writer has already 
emphasized, that has been wholly an emergency provision during the period 
of depression and one that should be abandoned as soon as normalcy has been 
restored. Local governments should return as soon as possible to normal 
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procedures for financing their public works enterprises and should not con- 
tinue to rely on the Federal Government. Continuance of such paternalistic 
treatment will inevitably tend to weaken the governmental morale of States 
and municipalities. These local agencies should be compelled to “stand on 
their own feet” and should not be supported by the Federal Government 
except in times of real emergency. 

Principle (5)—In the Committee’s “Remarks” accompanying Principle 
(5) there is again a lack of clear distinction between emergency conditions 
and normal conditions. For emergency conditions, proximity to centers of 
unemployment would weigh heavily in selecting projects for construction. 
For normal conditions, however, other criteria would predominate—mainly, 
their definite, long-time economic need and the prospect of their financial 
success—and it is to normal conditions that a Federal public works program 
should now apply primarily. 

Principle (6)—On the basis of meeting the emergency conditions to 
which the “Remarks” on Principle (6) refer, the supporting argument is 
entirely correct. The principle itself, however, has even stronger application 
to normal economic conditions, and it is mainly in respect to the latter 
that it should now be formulated and applied. 

Principle (7).—The writer regards Principle (7) as eminently correct, 
particularly in its application to public utilities, and he also concurs in the 
Committee’s argument supporting it. 

The concluding comment which the writer would make respecting this 
report is that prior to approval of any set of principles intended to govern 
the conception and prosecution of a Federal public works program, and prior 
to any effort being made to secure the enactment of legislation that would 
effectuate such a set of principles, the Committee should modify its report 
in several particulars and re-submit it for consideration. It is believed that 
the principle of budgeting should be added to those already listed in the Com- 
mittee report; that Principle (1) should be recast with the omission of any 
reference to the United States Supreme Court and with the addition of a 
clear definition of the duties and functions of the proposed new agency; and, 
finally, that the supporting arguments elucidating the principles should be 
revised materially to the end that confusion of purpose and objectives be elim- 
inated, the revisions, perhaps, to be in the general direction pointed in 
the foregoing comments. If and when a body of principles, as herein con- 
templated, is finally submitted by the Division to the Board of Direction for 
approval and is then approved by the Board, much additional work will be 
required, of course, to make such principles effective. 
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WIND BRACING IN STEEL BUILDINGS 


FIFTH PROGRESS REPORT OF SUB-COMMITTEE NO. 31 
COMMITTEE ON STEEL 
OF THE STRUCT URAL. DIVISION 


Discussion 


By MEssrs. ROBINS FLEMING, L. E. GRINTER, CHR. NOKKENTVED, 
AND I. WOUTERS 


Ross Fieminc,” Esq. (by letter).°*—The Fifth Progress Report of the 
Committee is of exceptional value throughout. 

Prominence is given to wind force on rounded and sloping roofs. A long 
array of experimenters is cited. The suction on the leeward slope is empha- 
sized. Although American textbooks have not ignored this phase of wind 
action, they have not given a method of computing suction effects. Designers, 
following the textbooks, have been accustomed to make provision for direct 
pressure on the windward slope—of course, at some time or other, either 
slope may be the windward slope. There is no doubt now but that suction 
exists on the leeward slope; for roofs nearly flat it exists on both slopes. In 
the past the writer has advocated the Duchemin formula for determining 
pressure on sloping roofs. In view of the accumulated evidence of the inade- 
quacy of this time-honored formula he is obliged to change his former views. 
Until something better presents itself, he would recommend that the pressure 
and loadings suggested in the report be followed. 

- The Committee does well in calling attention to the paper”, “Tall Building 
Frames Studied by Means of Mechanical Models”, by Francis P. Witmer, 
M. Am. Soe. C. E., and Harry H. Bonner, Esq. The purpose of the study was 
to learn trends rather than true quantitative values of reactions for varying 
proportions of parts. The conclusions are important. The paper by Messrs. 
Witmer and Bonner should be read and studied in connection with the report. 


Notr.—The Fifth Progress Report of Sub-Committee No. 31, Committee on Steel of 
the Structural Division on Wind-Bracing in Steel Buildings, was presented at the meeting 
of the Structural Division, New York, N. Y., January 16, 1936, and published in March, 
1936, Proceedings. This discussion is printed in Proceedings in order that the views 
expressed may be brought before all members for further discussion of the report. 

82 With American Bridge Co., New York, N. Y. 

82a Received by the Secretary April 3, 1936. 

29 Proceedings, Am. Soc. C. E., January, 1936, p. 3. 
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Comment will be made on the statement regarding the use of the canti- 
lever and the portal methods for moderate ratios of height to breadth. The 
report states “although sufficient aggregate strength may be secured in this 
way there is no assurance that a balanced design will be attained, or that 
unduly high local stresses may not exist.” Notwithstanding adverse criticism 
the average engineer, for the class of tier buildings he is called upon to design 
and with the time at his disposal, will continue to use one of these two con- 
ventional methods. What are their limitations? Of the 5000 buildings in 
the United States, ten stories or more in height, about 400 are of twenty 
stories or more. It is only occasionally that a structure is on a narrow plot. 
Among such are the 42-story North Michigan Avenue Building, in Chicago, 
Ill, on a plot 100 by 125 ft; the 43-story building at 20 East 40th Street, 
New York City, 503 ft high on a base, 71 ft 3 in. by 147 ft 4 in.; and the 
Medical Tower Office Building, in Philadelphia, Pa., rising to a height of 
363 ft, from a base of 44 ft 8 in. by 75 ft 7 in. The tower portions of other 
buildings present similar ratios of base to height. 

Incidentally, it may be noted that the 20-story bent analyzed by Messrs. 
Wilson and Maney in their well-known monograph on slope deflection has 
a width of only 62 ft, which is a ratio of base to height of 1 to 4.2. The writer 
would not hesitate to use either conventional method when the ratio of base 
to height did not exceed 1 to 3.5, or, perhaps, 1 to 4. At the same time, and 
after members are proportioned, he would examine the design by one of the 
methods considered more exact. Just what method he is not prepared to 
state. The present report commends the “Goldberg method”, and also men- 
tions favorably the “Grinter method.” A few years ago, David Cushman 
Coyle, M. Am. Soc. OC. E., wrote*: “When the importance of the project justi- 
fies the use of the best engineering talent, it seems evident that Method No. 7 
[the Spurr method] is the only one that can be said to meet the requirements, 
both because it provides for keeping the floor plane and because it does not 
allow the engineer to forget the deflections.” The irregular spacing of col- 
umns, so common in apartment houses, the break in continuity in columns 
due to assembly rooms in office buildings or ball-rooms in hotels, the set- 
back requirements of municipal building codes, all present need for careful 
study, whatever method of wind stress determination is followed. 

In his comments on the Second Progress Report™ the writer called atten- 
tion to the habit of college professors of under-rating the time required to solve 
a problem by a favorite method. The same habit is observed in the present 
report. Professor Rankine was quoted. A further illustration from his 
writings will be given: “A cycloidal arc is such a curve; and it has geo- 
metrical properties which causes the calculation of its moment of inertia to 
be a very simple process.”” 

In conclusion, the thanks of the Engineering Fraternity are due to those 
who framed the Fifth Progress Report of this Committee. 


“A Review of Current Theories’, Engineering News-Record, Vol. 106 p. 9382 
June 4, 1932. » PD. . 


** Proceedings, Am. Soc. C. B., May, 1938, p. 947. 
*% The Engineer (London), November 18, 1868, p. 355. 
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L. E. Grinter,” Assoc. M. Am. Soc. C. E. (by letter).**—In this enlighten- 
ing report the Sub-Committee discusses the wind forces on rounded and 
sloping roofs. The complication involved becomes evident when one observes 
the tangled mass of curves in Fig. 1. Perhaps greater consistency in results 
would be evident if some other method of plotting were utilized. The use 
of the fractional part of a central angle, 6, seems a rather artificial designa- 
tion, particularly for a sloping roof. There would seem to be quite as much 
reason to choose the fractional part of the rise or the fractional part of the 
span. However, brief studies made by the writer did not indicate that either 
of these designations would be particularly more satisfactory. No attempt 
was made to study other possibilities, such as the use of an angle with its 
vertex at one eave, or an angle with its vertex at the ridge. 

Pressures on a Rounded Roof—The Sub-Committee’s recommendations in 
regard to a specified wind pressure for the three segments of the are of a 
building roof seem rather complex at first consideration, but actually they are 
comparatively simple. Some confusion will probably occur in the interpreta- 
tion of Statement (3) which leads to Equation (6). This statement could 
be improved since a failure to appreciate the significance of the sentence 
construction would lead to an erroneous interpretation. Several very intelli- 
gent students failed entirely to grasp its significance. 

Example of the Goodyear Dock.—The recommendations of the Sub-Com- 
mittee with reference to wind-pressure distribution on a rounded roof that 
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Fic. 6.—WIND PRESSURE DIAGRAM FOR THE GoopyEAR ZHPPLIN DOCK, 
AT AKRON, OHIO. 


extends to the ground level were applied to the Goodyear Zeppelin Dock, at 
Akron, Ohio. The results obtained are shown in Fig. 6.in which the actual 
distribution of wind pressure as found by a model test is indicated by a 


% Prof., Structural Eng., Agri. and Mech. Coll. of Texas, College Station, Tex. 
86a Received by the Secretary May 29, 1936. 
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dotted line.” It seems evident from this comparison that the recommendations 
of the Sub-Committee would be reasonably satisfactory for the design of the 
main structure. However, the observed maximum suction of 150 lb per sq ft, 
which is three times the specified maximum suction, might influence the 
selection and means of attaching the roofing material. The maximum speci- 
— < 87.5 = 32 lb per sq ft. This 


fied pressure is p= 14rq—=—14 X 


pressure covers an arc, a, which is found by the formula, a = k 6 = (0.25 r 
+ 0.125) 192 = 53 degrees. The suction over the windward quarter of the 192° 
are is specified as 0.5 q, or 19 lb per sq ft. The suction over the remainder 
of the roof (approximately the upper half) is specified as p’ = (r + 0.7) q 

(0.6 + 0.7) 37.5 = 48 Ib per sq ft. These values are shown in Fig. 6 
where they may be compared with the original test results. 

Wind-Pressure Formula.—The recommendation is made that the controlling 
pressure can be found by Equation (2), g = 0.002558 V*. The acceptance of 
this formula without any published justification seems unusual from several 
points of view. In the first place, engineers are accustomed to the use of 
a higher coefficient, such as 0.0032, or even 0.004, which naturally gives a 
much higher pressure for a given wind velocity. Whatever the justification 
may be for the lower coefficient, the writer feels that it is always a mistake 
to express empirical or test coefficients in terms of four or even three signifi- 
cant figures. This particular coefficient is one that varies with the barometric 
pressure and with the moisture content of the air. Evidently, it is also 
highly difficult, if not impossible, to determine the coefficient accurately 
because of the swirling action of the wind. It would seem far more reasonable 
to state such a coefficient as 0.0025 or 0.0026 or, better yet, as 0.003, if there is 
any possibility that the tests or theories upon which it was based were 
inadequate. 

Simplified Wind-Stress Analysis—The Sub-Committee makes a compari- 
son of the time consumed by the Goldberg method of wind-stress analysis and 
by the Cross method of balancing moments in the form set up by the Sub- 
Committee in its Second Progress Report.“ The conclusion is reached that 
the Goldberg method is the faster. In so far as is indicated by the Fifth 
Progress Report, the Sub-Committee apparently failed to make a study of 
the time consumed by the writer’s method, or even of the time needed to carry 
out the Cross method in the manner suggested by Professor Cross himself.” 
However, the writer’s method is recommended for certain investigations, which 
indicates that it received some study by the Sub-Committee. 

In order to determine the relative usefulness of the two methods recom- 
mended by the Sub-Committee, the writer obtained the data on three 8- -story 
bents studied by Professor Young. These bents had been analyzed by the 


Cross and Goldberg methods, and the time needed in each case will be found 
BT 6c 
Erecting the World’s Largest Roof”, b 
Civil Engineering, November, 1930" p. 75 75. Prisha Hie besa COE Foca a 
*8 Proceedings, Am. Soc. C. E., February, 1932, p. 224. 
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in the report under the heading, “Goldberg Method.” These three bents were 
assigned to F. J. Benson, Jun. Am. Soc. ©. E., for analysis. Mr. Benson 
had never previously investigated a wind bent, although he understood the 
fundamental methods of balancing moments, and of slope-deflection as applied 
to single-story bents. Using the writer’s simplified method, he analyzed his 
first wind bent (8 stories) by estimating deflections, balancing moments, and 
correcting moments by proportion, in approximately 44 hr. He later analyzed 
the two other 8-story bents in about the same length of time. Mr.. Ben- 
son then analyzed one of these bents by the Goldberg method. He obtained 
satisfactory results, but the time consumed was in excess of 13 hr. A second 
study by the Goldberg method, in this case of the lower four stories only, of 
a typical wind bent, consumed fully 6 hr. The rate, therefore, was but little 
reduced. 

Minimum Time Required for Wind-Stress Analysis——Since the time con- 
sumed by Mr. Benson in applying the writer’s method, although considerably 
shorter than any time recorded by the Sub-Committee, still represented the 
time needed by an inexperienced operator, the writer decided to repeat 
the analyses himself. Undoubtedly, the following record of total time will 
seem unbelievably low to any one who does not understand the method, but it 
can unquestionably be attained with reasonable experience. It was found that 
the total time was divided among six major operations, each of which con- 
sumed between 15 and 30 min for an 8-story symmetrical building, three 
bays wide: 

(1) Determination of the fixed-end moments by estimating relative 
deflections ; 

(2) Computation of distribution factors and recording the fixed-end 
column moments; 

(3) Balancing moments a single time at each joint (moments were carried 
over at once to hasten convergence) ; 

(4) Second and third balancing of moments (the fourth balance is unim- 
portant, but its introduction requires little time) ; 

(5) Addition of the columns of moments; and, 

(6) Determination of criterion ratios and the correction of the final 
moments by proportion. 


Based upon this experience, the writer definitely can state that this method 
of wind-stress analysis can be applied in rather leisurely fashion by allowing 


30 min for each step, or 3 hr for an 8-story building. Naturally, the writer 


would not try to attain useless accuracy, but would reduce all fixed-end 
moments (by dividing by a constant) so that they would range between 100 
and 300. Convergence will then be quite rapid, and still the accuracy attained 
will be satisfactory. A thoughtless use of 4-place figures throughout the 
analysis would probably double the time consumed. The method of balancing 
moments has been found by experiment to lend itself perfectly to the determi- 
nation of final moments to any degree of accuracy desired. 
Conclusion.—Each of the five reports presented by the Sub-Committee has 
helped greatly to clarify some group of problems inherent in the design of 
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buildings to resist wind pressure. Particularly, in having called to attention 
the tests on rounded roofs, the Sub-Committee will undoubtedly have achieved 
an improvement in design procedure. Evidently, there is no longer any excuse 
for the engineer to neglect the suction effect in his design of an arched roof. 


Dr. Cur. NokKentven” (by letter).“*—For several years the writer, with 
Dr. J. O. V. Irminger, has studied the characteristics of wind pressure on 
buildings, particularly variations of pressure. Such variations may be due to: 
(a) The relative size of the object sustaining the wind load; (b) the relative 
air-tightness of the object sustaining the wind load; and (c) the influence of 
adjacent objects. 

(a)—The Size of the Model—The experiments have shown that, under 
certain circumstances, the pressure distribution on the building, and especially 
on the windward roof surface, varies considerably with the Reynolds num- 
ber; that is, it varies partly with the size of the model and partly with the 
wind velocity.“ The deciding factor in that case is the relative roughness 


of the ground; that is, the ratio, a , in which $ = the thickness of the boun- 


‘1D 
dary layer adjacent to the ground (calculated from the velocity gradient) ; 
and hy = the characteristic height of the building; that is, the height of the 
wall. 

(b)—The Internal Pressure—In a building which is uniformly air 
“leaky” throughout an internal suction of about 0.25 q to 0.85 q will always 
be exerted. In practice, where the “leakage” that determines the internal 
pressure may be either on the windward or the leeward sides one has to con- 
sider the possibility of varying internal pressure, which may range from 
pressure to suction, depending upon which surface is being investigated. 

(c).—Influence of Adjacent Structures—C. L. Harris”, Assoc. M. Am. 
Soc. C. E., and the writer,“ have found that neighboring structures may have 
a remarkably great influence on the distribution of the wind pressure on a 
building. It will never be possible, therefore, to state definite pressures for 
the different surfaces of a building. Such values must be stated in terms 
of an upper and a lower limit. 

The different surfaces of the building may be identified as: (A) The 
windward wall; (B) the windward roof surface; (C’) the leeward roof surface; 
and (D) the leeward wall. When the upper and lower limits of wind pressure 
for these surfaces are to be fixed, the aim is not only to enable a designer to 
deal with each surface independently, but to design the entire structure by 
means of the available data. 


“Prof., Polyteknisk Lereanstalt, Copenhagen, Denmark, 
40a Received by the Secretary June 5, 1936. 
* “Variation of the Wind-Pressure Distribution on Sharp-Edged Bodies” 
Structural Research Laboratory, Royal Technical Coll., Topeutacns’ Denmark tones 4 


#“Tnfluence of Neighboring Structures on the Wind Pressure on Tall Buildings”, 


Vacnaye Roy tee National Bureau of Standards, Research Paper, R. P. 637 


*® Ingenigrvidenskabelige Skrifter, A Ny. 42, Chapter VII 
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The upper limit for pressures on Surfaces (A) and (B), together with 
such pressures on Surfaces (() and (D), should be prescribed so that the 
pressure on the entire structure will be as nearly identical as possible with 
the greatest total pressure that the various combinations may produce on the 
entire structure. Furthermore, a lower limit for all surfaces must be pre- 
seribed. This limit may be used for a supplementary calculation of the con- 
struction of each surface, as, for example, the fastening of the roofing, roof 
purlins, and trusses. It will be proper, therefore, to adopt the following 
pressures : 


ee aA OE Citas eins shania wrath Hears op -rsieelo sass weed omlarciay® caylee (10) 

peloton eo Toe nese ali OO wea hii. Gantheds dads, oat oe cata Dialed (11) 

pe (for a < 75°) = + 2a — 504+ (70 — a) A — w)...... (12) 
and, 

OMA he tO 20 A Sear cidea os, ay ioia hey cgh a antiags.n Viele oipubins sip ielaetere ¢ (18) 


in which w = ratio of height of side wall to breadth of building. Further- 
more, the limiting upper values for the negative pressure are as determined 
by the formula, p = — 0.60 gq, when q is expressed by Equation (1) of the 
report. 

Considering that a 180° change in the direction of the wind will transfer 
p, and p, Surfaces (D) and (C), it will be obvious that all surfaces must 
be computed for an upper and a lower value of pressure, and that the purpose 
of Equation (13) is to enable one to compute the correct total pressure. 

In Equations (11) and (12) the influence of the height of the building in 
relation to its breadth has been taken into account. That this is most neces- 
sary is evident from the experiments conducted by the writer. 

In former specifications, w has been fixed at 1. If this value of w. is 
inserted in Equations (11) and (12), it is evident that the expression for pz 
corresponds very closely to the corresponding value in the Dutch and German 
specifications. 

The writer’s proposal differs from the Russian’, and from that of the Sub- 
Committee especially in the fact that it yields a greater value of p (less the 
value of suction) for small values of a. He realizes that the pressures stated 
for a normal building, freely exposed, and with normal air “leakage”, are too 
great and that those proposed by the Sub-Committee are more correct but 
considering the possibilities of variation, previously mentioned, the security 
against various contingencies is greater. Since, at the same time, a lower 
limit exists, there will be no danger of the actual conditions exceeding the 
two aforementioned limits. 

Furthermore, parts of the structure may be exposed to an even greater 
suction than that stated herein. However, it is unnecessary to complicate 


° Transactions, Central Aero-Hydrodynamical Inst., U. S.+S...R,0No.r 35,1928... (In 
Russian.) 
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the specifications with details concerning this phase of the problem, since one 
limit will introduce a smaller factor of safety for secondary parts of the 
structure, which will result in reckoning with a smaller load than the one 
that actually occurs. 

In this report it is stated that the arithmetic sum of the pressure on the 
windward wall and the suction on the leeward wall for the Empire State 
Building, in New York City, is 1.60qg. This might tempt designers to 
increase ps + pp beyond the value of 1.20 q, which is proposed in this dis- 
cussion. However, it must be considered that ps +p, for very tall buildings 
only, increases beyond the value, 1.20 q. 

To shed more light on this question some results of experiments conducted 
with square prisms with different heights, are shown in Table 2, the side 
being J and the height, h. These values correspond very well with those found 


TABLE 2.—Instantanrous Pressures oN Two Siwes or a Prism 


PRESSURES, IN T@RMS OF THE FRACTIONAL Part 


Ratio, OF THE VELOCITY PRESSURBD, g 
Source * 
l Pa Pp Ps + Pp 
Mencie ee fete des ee +0.76q —0.29q 1.05 q Copenhagen 
DO etre: cee +0.80¢ —0.50q 1.30q : Copenhagen 
Ditdhe Yoisi v > ball +0.80¢ —0.70q 1.50q National Bureau of Stand- 
ards 1 
Dp Mabbaters ote v atasts)|gh ots wea iil” Visser G 1.554 Gottingen 3 - 
+0.80@ —1l.1lgq 1.914 Copenhagen 14 
2.00q Gottingen 18 


* Proceedings, Am. Soc. C. E., March, 1936, Footnotes 11, 13, and 14, p. 399. 


for the Empire State Building. The height of the building must evidently 
be more than double the length (the horizontal dimension of the building 
normal to the direction of the wind) before ps + p» exceeds 1.20 gq. 

For ordinary buildings, therefore, this value is sufficient. For buildings 
higher than three times the length, the writer proposes values of p, = 1.00 q 
and pp = — 0.60 gq. 


I. Woursrs,“ Esq. (by letter).“‘—The attention given in the report of 
the Sub-Committee to the regulations of the Main Committee for Standardi- 
zation in The Netherlands, is gratifying. In the paragraph following Fig. 4, 
the statement is made that Fig. 2 appears to justify a greater severity for the 
negative pressures (the suctions) on closed buildings with gable roofs of small 
slopes than is prescribed in Standard N-790 of The Netherlands. It might 
be useful to give an explanation of the values that were adopted by the Com- 
mittee that framed the ordinance. } ? 

The starting point was the choice of suitable averages for the coefficients, 
giving positive and negative pressures for the external surfaces, with regard 
to the “static pressure.” The term, “static pressure”, as used herein, has 
ks Nin ea RE eae ines Hae 


“* Member, Committee on the Technical Basis for Building Ordin i 
for Standardization in The Netherlands, The Hague, The Neihenanan 2 amen 


“4a Received by the Secretary June 10, 1936. 
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been defined by the National Bureau of Standards." For the purpose men- 
tioned, attention was given to the same sources of information as are cited in 
Footnotes 7 to 19 of the report. The Netherlands experiments” were not 
numerous. As a result of careful consideration, coefficients for external 
positive and negative pressures were adopted as indicated in Fig. 7(a). 


+0.02a —0.6 + 0.02a — 0.6 + 0.02« —0.4 


—0.6 
Side Walls 
——— > —0.6 
+0.7 —0.6 +0.7 
(a) 


Fic. 7.—Basis oF WIND PRESCRIPTION FOR GABLE Roors, NETHERLANDS STANDARD 
SPECIFICATION N-790. 


+0.9 


The existing internal negative pressure was taken as — 0.2q, thus mak- 
ing the situation as indicated in Fig. 7(b). In Fig. 7, the maxi- 
mum permissible value of a is 65°; for greater values the coefficient 
is + 0.7 in Fig. 7(a) and Fig. 7(b), and + 0.9 in Fig. 7(c). As only the 
pressure differences are of interest, it was easier to take the positive 
and negative pressures with regard to the static pressure — 0.2 q, and 
thus the Committee obtained the coefficients in Standard N-790, III-A, 
of The Netherlands, which are indicated in Fig. 7(c). The allocation of a 
coefficient, — 0.2, with regard to the “static pressure”, for. the internal 
negative pressure is thus a reason for less severity than is indicated in 
Fig. 2 of the report. 

In addition, The Netherlands Committee considered that great suctions 
act only on a part of the windward roof surface. This was taken into account 
in Remark 4, of Standard N—790, which, as given in the Second Edition, 
may be translated as follows: 

“Locally, especially where roofs, walls, or both, intersect, suctions much 
greater than those corresponding to the coefficient, —0.4, can occur, The 
designer should be cautious, in general, especially at the places mentioned, 


to ensure effective fastening of light roof constructions, roofing, and wall 
materials and sheets.” 


In the fifth paragraph following Fig. 4 of the report a statement is made 
that “in The Netherlands regulations, provision is made, in the case of a 
closed building, for an internal pressure of — 0.4g, * * *.” This is not cor- 
rect, as will appear from what has already been pointed out in this discussion. 
The internal negative pressure in the case of closed buildings, as adopted 
in The Netherlands regulations, is — 0.2 q with regard to the “static pressure” 
and zero with regard to the static pressure — 0.2 g, which is also the refer- 
ence pressure for the other coefficients. 

The local maximum positive pressure of 1.2 q was arrived at by adding 
to the maximum possible external positive pressure, 1.0q, the quantity, 0.2 q, 
arising from the internal negative pressure. 


11 Research Papers Nos. 301 and 545, U. S. Bureau of Standards. 
16 Wet Bouwbedrijf, October 21, 1932. 
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WIND STRESSES IN REINFORCED CONCRETE 
ARCH BRIDGES 


Discussion 


By LOUIS BLUME, Esq. 


Louis Buumeg,” Esq. (by letter).”*—Under the heading, “Arch Rib Without 
Bracing”, the author presents an analysis that appears to lead to correct 
results. However, careful examination indicates that the method of approach 
is such as to involve superfluous work. To illustrate this, the following 
treatment of Equations (2), (5), and (6), is presented: Equation (2) can 
be written, 


Applying the principle of least work: 


dw dmy dm, 
= m dw + Ny —— dw = 02. ieee 36 
dM vf " dMy ied ane ea 
From Equations (5) and (6), Gy = + cos ¢ and diy = — sin ¢. 
dM, dM, 


By substitution: 


N 
Se =f Me cost 6 tv — f [cos 9 aw f wt nds] 
7 
tr fitesma—y f [sin ao f wivas| = 0... vache 


Norn.—The paper by A. A, Eremin Assoc. M. Am. Soc. C. B 

rt eearpeay aM OBO ete fons Resa at this paper has appeared’ ty “Proceedings, a 

ft) s ril, , by Leon Blog, Assoc. M. Soc. C. E.; 

Fang-Yin Tsai, and Paul Andersen. - sand anes 1080 ee 
22 Structural Engr., City Engr.’s Office, Los Angeles, Calif. 
“a Received by the Secretary August 10, 1936. 
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Solving for My: 


N N 
flee f wtudtrsing f wiv ds | dw 
GE, SS A eh a oe 


; . .(38) 

[cos* @ + y¥ sin? 4] dw 

This value of Mw» agrees with that of Equation (13) but is obtained by a 

less tortuous procedure. With the value of M» found, the bending and tor- 

sional moments at any point in the rib may be obtained by means of Equations 
(5) and (6), dispensing with Equations (16) and (19). 


